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EVALUATION 


1.  The  results  of  this  report  represent  a joint  effort  sponsored  by 
the  Naval  Electronics  Systems  Command  and  the  Rome  Air  Development 
Center. 

Z.  The  objective  of  this  study  was  to  Investigate  and  develop 
maintainability  prediction  and  analysis  techniques.  Such  techniques 
were  to  be  based  on  the  engineering  characteristics  of  the  fault 
detectlon/lsolatlon/test  capabilities  of  the  equipment  or  system  and 
be  applicable  to  modern  state- o*-the-art  design  factors. 

3.  The  maintainability  prediction  procedure  which  was  developed 
satisfactorily  achieves  the  objectives  for  which  It  was  Intended.  Two 
prediction  procedures  were  developed: 

a.  A detailed  procedure  that  can  produce  very  accurate  predictions 
that  are  limited  only  by  the  quality  of  the  Input  data. 

b.  An  early  procedure  that  yields  less  accurate  predictions  due 

to  Its  use  of  estimated  rather  than  actual  equipment  data.  Both  of  the 
procedures  can  be  applied  at  any  equipment  or  system  level. 

4.  The  analysis  and  modelling  methodology  developed  provides  the  tools 
necessary  for  assessing  and  evaluating  the  maintainability  of  modern 
equipments  and  systems,  Including  direct  accountability  of  tho  diagnosis/ 
Isolation/test  capabilities,  packaging,  replaceable  Item  make  up  and 
component  failure  rates. 
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5,  The  prediction  and  analysis  methodologies  can  be  applied  at  any 


level  of  maintenance,  for  any  maintenance  concept  and  for  avionics, 
ground  electronics,  and  shipboard  electronics. 

6.  The  Implementation  of  the  methodologies  developed  allows  the  user 
to  track  the  overall  system  maintainability  parameters  throughout  the 
design  and  development  of  a system.  Using  the  techniques  and  procedures, 
the  user  can  evaluate  whether  or  not  the  maintainability  design  require- 
ments that  have  been  specified  will  be  met  before  the  system  Is  fully 
developed.  If  It  appears  that  malntainabll Ity  requirements  will  not  be 
met,  then  the  designers  can  be  Informed.  Thus,  time  and  money  can  be 
conserved  by  carefully  tracking  the  maintainability  parameters  through 

a system's  development. 

7.  These  techniques  will  be  used  to  update  MIL-HDBK-472,  "Maintain- 
ability Prediction",  24  May  66. 


JERRY  F.  LIPA,  Jr 
Project  Engineer 


SECTION  0. 0 EXECUTIVE  SUMMRY 


The  maintainability  of  modern  electronic  equipments  Is  direotly  related  to 
dlagnostic/lsolation/test  capabilities,  system  packaging,  and  replaceable  Item 
makeup  and  failure  rates.  The  maintainability  prediction  techniques  presently  In  use 
do  not  allow  direct  accountability  of  these  factors,  particularly  as  related  to  diagnostic/ 
lsolation/test  characteristics.  The  methodology  developed  under  this  study  provides 
a maintainability  analysis  approach  whioh  can  be  applied  at  any  hardware  level  and 
which  directly  relates  maintainability  parameters  (e.g.  MTTR)  to  the  noted  factors 
which  Influence  maintainability. 

Selection  of  the  methodology  developed  under  this  Btudy  was  baaed  on  a review  of 
state  of  the  art  equipment/system  characteristics,  current  maintainability  analysis 
techniques,  and  the  requirements  of  the  maintainability  community  relative  to  pre- 
diction and  analysis  application.  Conclusions  drawn  from  the  review  indicated  that 
the  developed  methodology  should: 

1.  Be  based  on  a time  synthesis  approach, 

2.  Be  applicable  to  any  and  all  hardware  levels. 

3.  Be  symptom  oriented  rather  than  failure  oriented,  and 

4.  Be  developed  for  two  stages  of  equipment  development: 

a.  When  detailed  design  data  la  available,  and 

b.  When  preliminary  (early)  design  data  Is  available. 

A number  of  existing  prediction  techniques  are  failure  oriented;  that  is,  an 
assessment  of  repair  time  is  made  based  on  the  faot  that  a certain  replaceable  Item 
haB  failed,  Heal  world  maintenance  is  not  failure  oriented  but  rather  symptom 
oriented;  that  is,  the  maintenance  which  la  performed  is  based  on  the  failure  symp- 
tom, or  on  the  results  obtained  from  the  fault  detectlon/isolatlon  prooess.  This  is 
the  way  that  the  developed  prediction  procedure  is  structured.  A list  Is  constructed 
whioh  Identifies  all  possible  failure  symptoms  or  results  of  the  fault  detection/ 
isolation  prooess  (FD&I  outputs).  The  equipment  Is  analyzed  and  the  replaceable 
Items,  or  portions  thereof,  whioh  could  fail  and  result  in  each  of  the  FD&I  outputs 
are  Identified,  The  failure  rate  associated  with  eaoh  possible  occurrence  is  noted. 

A maintenance  flow  diagram  is  constructed  whioh  defines  the  maintenance  actions 
that  are  performed  and  decisions  made  for  eaoh  FD&I  output.  Times  are  synthesized 
for  each  maintenance  action  and  combined  by  a failure  rate  weighted  technique  to 
yield  mean  time  to  repair  estimates.  This  prediction  technique  requires  detailed 
design  data  and  is  not  applicable  duiing  early  design  phases. 
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A modified  version  of  the  detailed  prooedure  was  developed  for  early  predictions. 
The  early  prediction  technique  estimates  maintenance  times  synthesized  from  the 
average  times  to  perform  the  nine  elemental  maintenance  activities  (i.e.  preparation, 
fault  isolation,  spare  retrieval,  disassembly,  Interchange,  reassembly,  alignment, 
checkout,  startup).  For  each  of  the  nine  maintenance  elements,  a submodel  Is  selected 
based  on  the  equipment  maintenance  characteristics  (l.e, , fault  isolation  resolution, 
iterative  versus  group  Replaceable  Item  (RI)  replacement,  and  distribution  of  R1  groups). 
Elemental  activity  times  are  synthesized  based  on  the  general  approaoh(es)  to  eaoh 
activity.  The  time  for  each  approach  type  is  estimated  and  the  average  time  for  eaoh 
activity  estimated  using  failure  rate  weighted  techniques.  The  average  time  for  the 
nine  elemental  activities  are  then  combined  to  estimate  MTTR.  Diagnostic/isolation/ 
test  capabilities  axe  accounted  for  in  the  early  prediction  technique  by  defining  the 
general  approaches  to  fault  isolation  to  be  Implemented,  establishing  whloh  approach 
will  be  used  for  eaoh  replaceable  Item  or  grouping  of  replaceable  items,  estimating 
the  average  resolution  provided  by  each  of  the  fault  Isolation  types  for  each  grouping 
of  replaceable  Items,  and  estimating  the  time  to  perform  fault  isolation  for  each  fault 
isolation  type. 

Within  the  detailed  and  early  prediction  procedures,  times  for  eaoh  activity  are 
computed  using  time  line  techniques.  Standard  times  for  physloal  maintenance  notions 
(e.g. , removing  a screw,  soldering  a lead,  opening  a cabinet  door)  have  been  estab- 
lished and  are  tabulated  for  use  in  time  line  analyses. 


TECHNICAL  REPORT  SUMMARY 


INTRODUCTION 

This  summary  presents  an  overview  of  the  final  report  prepared  for  the 
Maintainability  Prediction  and  Analysis  Study  conducted  under  RADC  Contraot 
F30602-76-C-0242. 

SUMMARY 

Current  maintainability  prediction  techniques  are  relatively  ineffective  as 
predictors  for  state  of  the  art  electronic  equipments/systems.  This  document 
summarizes  the  study  conducted  to  develop  a more  effeotive  and  aoourate  method 
of  predicting  maintainability  parameters. 

The  basio  objective  of  the  study  program  was  to  investigate  and  develop  main- 
tainability prediction  and  analysis  techniques  applicable  to  state  of  the  art  electronic 
equipments/systems.  The  procedures  are  to  be  capable  of  direotly  relating  diagnos- 
tic/isolation/test  subsystem  characteristics  and  other  design  oharaoteristtoB  to 
equipment  and  system  maintainability.  Additionally,  the  developed  techniques  are  to 
be  applicable  to  avionics,  ground,  and  shipboard  electronics  at  the  organizational, 
Intermediate,  and  depot  levels  of  maintenance. 

Speoific  objectives  inolude: 

1.  Development  of  a maintainability  prediction  methodology  which  allows 
direot  relationships  to  be  drawn  between  effectiveness  measures  of 
dlagnostic/isolation/test  capability  and  the  resulting  maintainability  of 
an  equipment  or  system;  Provisions  of  relating  diagnoBtto/lsolatlon/test 
routines  (test  cirouits , software,  failure  indicators  -automatic,  seml- 
automatio  or  manual)  to  the  replaceable  items  they  serve;  Provisions 
for  assessing  those  replaceable  items  or  portions  thereof  not  capable  of 
fault  detection/isolation  with  the  dlagnostic/isolation/test  subsystem. 

2.  Development  of  a set  of  procedures  for  performing  a prediction  of  mean- 
time-to -repair,  or  maintenance  man-hours  per  maintenance  notion, 
which  reflects  the  equipment/ system  dlagnostic/isolation/test  capabil- 
ities, packaging,  replaceable  item  make  up,  failure  rates  of  individual 
replaceable  Items , and  fault  isolation  ambiguity. 

3.  Development  of  a set  of  time  standards  (appropriate  to  measures  of  physical 
actions  required  to  oorreot  an  equipment  malfunction)  applicable  to  modem 
era  designs  and  packaging  concepts;  Investigation  of  time  standard  differences 
for  avionics,  ground  electronics  and  shipboard  electronics. 
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4.  Development  of  items  1,2,  and  3 direotly  and  not  through  the  use  of 
multiple  regression  or  structured  oheoklist  techniques, 

The  approaoh  to  satisfying  the  study  obJeotiveB  waB  threefold!  1)  perform  a 
literature  survey  to  define  and  evaluate  the  existing  maintainability  prediction 
techniques  (and  maintenance  time  standards)  and  their  applicability  to  ourrent 
electronic  equipments/systems,  2)  review  the  characteristics  of  ourrent  equipments/ 
systems  and  the  prediction  needs  of  the  maintainability  community  to  define  the 
maintainability  parameters  to  be  predicted  and  the  general  approaoh  to  the  pre- 
diction methodology,  and  3)  review  the  maintenance  polioies  In  current  use  and 
develop  prediction  techniques  consistent  with  the  way  maintenance  is  accomplished. 

Selection  of  the  methodology  developed  under  this  study  was  based  on  a review 
of  state  of  the  art  equipment/system  oharaoteristtos,  ourrent  maintainability 
analysts  techniques,  and  the  requirements  of  the  maintainability  community  relative 
to  prediction  and  analysis  application, 

A number  of  existing  prediction  techniques  are  failure  oriented;  that  is,  an 
assessment  of  repair  time  is  made  based  on  the  fact  that  a certain  replaceable 
item  has  failed.  Real  world  maintenance  is  not  failure  oriented  but  rather  symptom 
oriented;  that  ts,  the  maintenance  whioh  is  performed  is  based  on  the  failure 
symptoms,  or  on  the  results  obtained  from  the  fault  deteotion/t eolation  process. 

This  is  the  way  that  the  developed  prediction  procedures  are  structured. 

The  maintainability  prediction  methodology  is  divided  into  two  seperate  pro- 
cedures: 1)  a detailed  prooedure  for  use  when  detailed  design  and  support  data  to 
available,  and  2)  an  early  procedure  for  use  when  preliminary  design  data  is 
available.  Both  procedures  are  time  synthesis  techniques  and  both  use  the  same 
general  model  for  predicting  MTTR.  When  a combination  of  detailed  and  prelimin- 
ary data  is  available,  the  two  procedures  can  be  used  together  to  yield  a composite 
estimate  of  MTTR. 

For  the  detailed  prediction,  a list  is  constructed  whioh  identifies  all  possible 
failure  symptoms  or  results  of  fault  deteotion/isolatlon  procedures  (FD&I  outputs). 
These  failure  symptoms  or  FD&I  outputs  inolude  all  the  possible  Indications  that 
an  operator/teohnioian  may  experience  in  identifying  the  fault  correction  actions  to 
be  performed. 

The  next  step  of  the  procedure  ts  to  correlate  the  replaceable  items  (RI)  of  Hie 
system  with  the  Identified  failure  symptom  or  FD&I  output.  This  ts  usually  aooom- 
plished  with  a failure  mode  and  effeots  analysis  (FMEA)  or  similar  analysis.  After 
the  correlation  has  been  oompleted  a Maintenance  Correlation  Matrix  similar  to  the 
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one  shown  in  figure  1 Is  prepared.  The  matrix  provides:  1)  the  failure  rate 
(Xnj)  of  each  RI  (n)  associated  with  each  failure  symptom/FD&I  output  (j),  (2)  the 
repair  time  (Rnj)  for  a replaceable  item  given  tltat  a specific  FD&I  output  occurs, 
and  3)  the  replacement  order  (K^)  of  a replaceable  item  given  that  a specific 
FD&I  output  ooours  and  the  maintenance  oonoept  is  iterative  replacement. 

The  repair  times  entered  in  the  Maintenance  Correlation  Matrix  are  established 
with  the  aid  of  a maintenance  flow  diagram  (MFD).  The  maintenance  flow  diagram 
identifies  the  step  by  step  procedure  that  is  followed  for  each  FD&I  output.  Figure  2 
is  an  example  of  an  MFD.  The  times  for  eaoh  activity  are  synthesized  using  a time 
line  analysis  in  conjunction  with  the  updated  set  of  maintenance  time  standards 
Included  in  seotlon  4 of  the  report.  The  times  (R^)  for  eaoh  failure  symptom/FD&I 
output  are  entered  in  the  Maintenance  Correlation  Matrix  of  figure  1 next  to  the 
associated  failure  rates. 

The  average  repair  time  of  eaoh  RI  (Rft)  and  the  MTTR  of  the  equipment/system  are 
computed  as: 

J 

*nj  ^ 

j » 1 

HnaJ_ 

£ *»»J 

j - l 

N 

MTTR  a Jff.3  1 , . 

N 

£ 

m = 1 

In  addition  to  the  replaceable  item  repair  times  and  MTTR,  the  Maintenance 
Correlation  Matrix  ocm  also  be  used  to  determine  fault  Isolation  resolution. 
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The  early  prediction  procedure  is  a modified  version  of  the  detailed  prediction 
model.  This  technique  estimates  the  average  time  to  perform  each  elemental 
maintenance  aotivity  (i.e.  , preparation,  fault  isolation,  spare  retrieval,  disassembly, 
interchange,  reassembly,  alignment,  checkout  and  start-up),  and  combines  these 
values  to  determine  the  MTTR.  For  each  of  the  nine  maintenance  activities,  a 
submodel  is  selected  based  on  the  maintenance  characteristics  of  the  system  (l.e. , 
fault  isolation  resolution,  iterative  versus  group  RI  replacement,  and  distribution 
of  RI  groups) . Times  are  synthesized  for  each  unique  method  of  performing  each 
elemental  activity,  and  the  average  time  for  each  activity  is  oompleted  by  using  the 
appropriate  submodel.  A summary  of  the  different  applicable  submodels  appears 
in  figure  3. 

The  1-  portent  step  in  the  early  prediction  procedure  Is  the  estimation  of 
the  fault  Isolation  resolution  parameter  (S)  that  is  used  within  some  of  the  submodels. 
Since  detailed  Information  pertaining  to  the  system  fault  Isolation  capabilities  is  not 
usually  available  at  an  early  stage,  an  estimate  of  the  systems  capabilities  must  be 
made.  The  accuracy  at  which  thin  estimate  of  9 Is  made  governs  the  uoouraoy  of 
the  prediction  being  made,  The  early  pradlotlon  procedure  bastoally  computes 
MTTR  at  the  levol  at  which  Til  estimated.  Higher  level  MTTRs  can  be  calculated 
with  a failure  rate  weighted  model,  Lower  level  MTTRs  oan  be  estimated  but  are 
limited  in  aocuraoy  to  the  higher  level  estimates  of  T 

In  oonoluslon,  the  maintainability  prediction  methodology  developed  aohleves  tho 
objectives  for  which  It  was  intended.  It  provides  a technique  for  analyzing  the  main- 
tainability of  modem  equipments/systems  including  direct  accountability  of 
dlagnosttc/isolatton/test  capabilities,  packaging,  replaceable  item  make  up  and 
failure  ratos.  The  methodology  oan  be  applied  at  any  maintenance  level,  for  any 
maintenance  concept,  and  for  avionics,  ground  electronics  and  ahlpbonrd  eleotronlos. 
The  detailed  procedure  oan  produce  very  accurate  predictions  (limited  only  by  tho 
quality  of  the  input  data)  and  can  be  applied  at  any  hardware  level,  The  enrly 
prediction  procedure  yields  less  accurate  predictions  (limited  by  the  quality 
and  quantity  of  Input  data)  and  again  oan  be  applied  at  any  equipment  level. 

The  implementation  of  the  model  presented  here  allows  the  user  to  keep  track  of 
the  overall  system  maintainability  parameters  throughout  the  design  and  development 
of  a system.  By  using  this  technique  the  user  can  detect  whether  or  not  the  maintain- 
ability design  requirements  specified  will  be  met  before  the  system  Is  complete.  If 
the  maintainability  requirement*  appear  that  they  will  not  be  met,  then  the  designers 
can  be  informed  to  the  necessary  changes  before  it  is  too  late.  Thus  time  and  money 
oan  be  saved  by  carefully  tracking  the  maintainability  parameters  throughout  a sys- 
tem's development. 


1 


S-6b 


SECTION  1.0  INTRODUCTION 


This  document  presents  the  results  of  a study  to  develop  and  document  on  Improved 
maintainability  prediction  and  analysis  methodology.  The  study  was  performed  under 
Contract  F30602-76-C-0242  with  Home  Air  Development  Center.  This  report  1h  pre- 
pared in  accordance  with  CDRL  item  A002  and  data  item  description  DI-8-3B91A/M. 
1.1  PROGRAM  OBJECTIVE 

The  baslo  objective  of  this  study  program  was  to  investigate  and  develop 
maintainability  prediction  and  analysis  techniques  applicable  to  state  of  the  art  elec- 
tronic equipments/systems.  The  procedures  are  to  be  capable  of  direotly  relating 
diagnostio/lsolatlon/test  subsystem  characteristics  and  other  design  characteristic  a 
to  equipment  and  system  maintainability  parameters.  Additionally,  the  developed 
techniques  are  to  be  applicable  to  ground,  shipboard  and  avlonioa  oleotronlos  at  the 
organizational,  Intermediate,  and  depot  levels  of  maintenance.  Specific  objectives 
Include: 

1.  Development  of  a maintainability  prediction  methodology  which  allows  direct 
relationships  to  be  drawn  between  effectiveness  measures  of  diagnostic/ 
isolation/test  capability  and  the  resulting  maintainability  of  an  equipment  or 
syBtemt  provisions  for  relating  diagnostio/lsolatlon/test  routines  (tost 
circuits,  software,  failure  Indicators  - automatic , semiautomatic  or  manual) 
to  the  replaceable  Items  they  servei  provisions  for  assessing  those  replace- 
able Items  or  portions  thereof  not  capable  of  fault  deteotlon/iSolation  with 
the  diagnostio/lsolatlon/test  subsystem. 

2.  Development  of  a set  of  procedures  for  performing  a prediction  of  mean- 
tlme-to-repair,  or  maintenance  manhoure  per  maintenance  action,  which 
characterizes  the  equipment/system  diagnostio/isolation/test  capabilities, 
packaging,  replaceable  item  makeup,  failure  rates  of  individual  replaceable 
Items,  and  fault  isolation  ambiguity. 

3.  Development  of  a set  of  time  standards  (appropriate  to  measures  of  physical 
actions  required  to  correct  an  equipment  malfunction)  applicable  to  current 
designs  and  paokaging  concepts;  Investigation  of  time  standard  differences 
for  avlonlos,  ground  electronics  and  shipboard  electronics. 

4.  Development  of  Items  1,  2 or  3 direotly  and  not  through  the  use  of  multiple 
regression  or  struotured  checklist  techniques. 


7 


1.2  APPROACH 

The  approach  to  satisfying  the  study  objective  was  threefold:  1)  perform  a 
literature  survey  to  define  and  evaluate  the  existing  maintainability  prediction  tech- 
niques (and  maintenance  time  standards)  and  their  applicability  to  current  eleotronio 
equipments/ systems,  2)  review  the  characteristics  of  ourrent  equlpments/systema 
and  the  prediction  needs  of  the  maintainability  community  to  define  the  maintainability 
parameters  to  be  predicted  and  the  general  approach  to  the  prediction  methodology, 
and  3)  review  the  maintenance  policies  in  ourrent  use  and  develop  prediction  techniques 
consistent  with  the  way  maintenance  1b  accomplished, 

1.3  ORGANIZATION  OF  REPORT 

This  document  Is  divided  Into  six  major  sections  plus  appendioea.  A review  of 
existing  techniques,  selection  of  the  predicted  parameters  and  general  prediction 
approach,  and  development  of  the  models  for  the  detailed  prediction  and  early  predic- 
tion methodologies  is  presented  in  Section  2.  Seotion  3 describes  the  equipment/ 
system  data  oolleotlon  effort  including  data  on  physloal  attributes,  fault  Isolation  char- 
acteristics, maintainability  parameters,  and  maintenance  philosophies.  Seotion  4 
describee  the  development  of  the  maintenance  time  standards  and  provides  a composite 
list  of  standards.  Seotion  6 provides  step  by  step  procedures  for  both  the  detailed  pre- 
diction and  early  prediction  techniques.  Conclusions  and  reoommendattons  are  presented 
In  Seotion  6.  Supporting  data  and  analyses  are  provided  in  the  attached  appendices, 
Including  the  derivation  of  MmSLX  (<t>)  for  a lognormal  distribution  (Appendix  B), 
tables  for  estimating  Mmax  (<t>)  for  lognormal  repair  distribution  (Appendix  C),  a 
sample  predlotlon  using  the  detailed  procedure  (Appendix  F),  and  two  sample  pre- 
dictions using  the  early  procedure  (Appendix  G). 
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SECTION  2.  0 MODEL  DEVELOPMENT 


This  section  presents  the  developed  maintainability  prediction  methodology.  A 
survey  of  the  current  maintainability  prediction  techniques  was  oonduoted  and  a sum- 
mary of  their  characteristics  and  shortcomings  prepared.  Based  on  the  survey 
results,  and  driven  by  the  needs  of  today' s maintainability  community,  a time  syn- 
thesis approaoh  to  predicting  mean  time  to  repair  (MTTR)  was  selected. 

Recognising  the  various  stages  of  design  and  development  to  whloh  a maintain- 
ability prediction  methodology  must  be  applied,  two  basic  models  were  developed 
(1.  e.  detailed  and  early).  The  detailed  model  provides  the  capability  for  an  ln-depth 
prediction  when  the  equipment  being  predioted  Is  in  the  final  development  stage  and 
detailed  data  le  available  on  fault  deteotion  and  isolation  capability,  packaging1,  and 
maintenance  policy.  The  early  model  provides  a technique  for  predicting  maintain- 
ability characteristics  during  early  and  intermediate  design  stages  when  prediotlon 
data  Is  preliminary  and/or  Incomplete. 

The  detailed  prediotlon  procedure  oan  produce  very  accurate  predictions  for  any 
maintenance  oonoept  at  any  hardware  level.  The  early  prediotlon  procedure  produces 
less  accurate  predictions  (limited  by  the  quality  and  quantity  of  input  data) , for  any 
equipment  level,  within  the  confines  of  seven  defined  maintenance  concepts. 


2.1  BACKGROUND 

During  the  past  decade  a steadily  declining  effectiveness  of  the  available)  standard 
maintainability  prediction  methodologies  has  been  recognized.  As  a prelude  to 
selootlng/dcveloping  a state-of-the-art  maintainability  prediction  and  analysis  method- 
ology, a survey  of  existing  techniques  was  conducted.  Eaoh  method  was  reviewed  to 
define  the  basic  prediction  hypothesis,  data  base,  detailed  procedure,  and  short  oomlngs, 
Table  1 presents  a summary  of  the  more  prominent  methods  reviewed,  including  the 
existing  military  standards. 

The  prediction  methods  which  were  reviewed  oan  be  generally  segregated  Into 
time  synthesis  models  and  correlation  models.  Time  synthesis  models  are  those  In 
which)  (1)  the  maintenance  activity  is  broken  down  into  elemental  maintenance 
tasks,  (2)  each  elemental  task  la  assigned  a fixed  time  or  time  function,  and  (3)  the 
elemental  task  time  elements  are  combined  or  synthesised  to  form  an  overall 
maintainability  parameter  such  as  mean  time  to  repair  (MTTR).  Correlation  methods 
are  those  in  which  a checklist  or  other  vehicle  is  used  to  score  maintenance  related 
attributes  of  a system  and  the  soore(s)  of  the  oheoklist(s)  are  inserted  Into  a regres- 
sion oquation  to  yield  the  estimated  maintainability  parameter.  The  AR1NC  Fault/ 
Symptom  Model  (RADC-TR-70-89)  is  a combined  time  synthesis  and  correlation 
methodologyi  fault  Isolation  and  oheokout  attributes  ars  evaluated  by  oheokllsts  and 
regression  equations,  and  physioal  elements  of  aoosss  and  interchange  are  evaluated 
by  combining  elemental  task  times. 

All  of  the  methods  reviewed  have  substantial  drawbacks  with  respeot  to  ade- 
quately evaluating  oomplex  modern  systems.  Principally  lacking  is  a meaningful 
correlation  between  quantitative  maintainability  parameters  such  as  MTTR  and  system 
fault  deteotion/lsolatlon/test  (FDIT)  features  suoh  as  computer  controlled  diagnostics, 
and  built-in  test  capabilities.  Also  lacking  is  a sensitivity  to  state-of-the-art  pack- 
aging and  construction  techniques,  and  to  the  system  maintenance  concept  or  detailed 
maintenance  plan. 

MIL-HDBK-472,  Procedure  1 and  Prooedure  2A  have  provided  useful  estimators 
in  the  past  but  the  data  base  on  whioh  these  procedures  were  developed  is  no  longer 
representative  of  modern  systems  and  techniques.  MIL-HDBK-472,  Procedures  2B 
und  4,  und  the  Dunlop  and  Associates  Distribution  Model  present  viable  general 
approaches  but  the  inputs  are  dependent  on  "expert  judgment"  time  estimates.  There 
are  no  procedures  for  relating  the  capabilities  of  the  FDIT  features  to  expert 
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TABLE  i.  SUMMARY  OF  CURRENT  MAINTAINABILITY  PREDICTION  MODELS 
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TABLE  1.  SUMMARY  OF  CURRENT  MAINTAIN  ABILITY  PREDICTION  MODELS  (Contained) 


judgment  estimates,  There  are  also  no  estimators  .'or  physical  tasks  consistent  with 
modern  packaging  and  construction  techniques,  MIL-HDBK-472,  Procedure  3 1b  a 
correlation  type  model  in  which  three  (3)  checklists  are  scored.  The  checklists  are 
based  on  non-ourrent  design  techniques  and  very  insensitive  to  modern  FDIT  features. 

The  AR1NC  Fault/Symptom  Model  appears  to  be  a good  start  on  a new  prediotlve 
technique  but  it  still  has  some  basio  problems.  Some  of  these  problems,  such  as  no 
lower  Indenture  capability,  and  a combined  estimator  of  fault  isolation  and  checkout 
times  are  described  in  RADC-TR-74-112.  Additional  problems  Include:  (1)  the  basic 
failure  of  checklist  type  approaches  to  cover  all  FDIT  capabilities  and  combinations 
thereof,  (2)  the  failure  to  cover  all  maintenance  oonoept  alternatives  such  as  group 
Replaceable  item  (HI)  replacement,  iterative  RI  replacement,  and  replacement 
based  on  highest  failure  probability,  and  (3)  the  lack  of  time  standards  which 
cover  modern  packaging  techniques. 


2.2  MODEL  SELECTION 

The  previous  section  defines  the  more  widely  known  of  the  maintainability  pre- 
diction models  and  the  shortcomings  of  each.  A review  of  the  models  indicates  the 
most  powerful  of  the  models  in  terms  of  flexibility,  applicability  and  accuracy  are  the 
time  synthesis  versions.  Therefore,  the  time  synthesis  approach  is  the  basis  for  the 
methodology  presented  herein. 

The  time  synthesis  approach  implies  that  the  maintenance  time  estimate  for  a 
given  maintenance  aotion  is  found  by  simple  addition  of  the  time  (or  estimate  of  the 
average  there  of)  that  it  takes  to  perform  each  maintenance  element  (e,  g. , prepara- 
tion, fault  Isolation,  etc.  - Refer  to  section  2.3. 2.3).  Likewise,  the  individual 
maintenance  element  time  estimates  are  found  by  simple  addition  of  the  time  required 
to  perform  each  subtask  of  the  maintenance  element.  If  more  refinement  is  desired, 
subtasks  could  be  broken  down  into  sub-subtasks,  etc.  ThiB  process  soon  reaches  a 
point  of  diminishing  returns,  however,  and  as  a rule  of  thumb,  maintenance  actions 
should  not  be  broken  down  into  lower  than  . 1 minute  segments.  The  only  recom- 
mended exception  to  this  is  the  use  of  standard  maintenance  times  (1.  e. , the  times 
provided  in  section  4. 6. 5).  For  purposes  of  this  prooedure,  its  models,  and  the 
application  examples  shown  in  this  document,  maintenance  actions  only  at  the  Bub- 
task  and  higher  Levels  are  addressed.  Subtasks  are  defined  as  discrete  physical 
actions  such  as  loading  a diagnostic  program,  removing  a Blotted  head  screw,  or 
examining  a waveform  on  an  osoilloscope. 

Time  estimates  for  subtasks,  maintenance  elements,  and  complete  maintenance 
actions  are  the  fundamental  portion  nf  a time  synthesis  prediction  and  there  1b  little 
difference  in  the  way  in  which  time  estimates  are  computed  for  tills  procedure  from 
previous  procedures.  The  key,  however,  in  performing  an  acourate  maintainability  pre- 
dioti<  n of  a given  equipment  Is  the  definition  of  the  full  spectrum  of  probable  mainte- 
nance actions  and  the  frequency  of  occurrence  of  each  of  those  actions. 

Most  previous  time  synthesis  prediction  techniques  have  concentrated  on  the 
supposition  that:  given  a certain  item  haB  failed,  what  Ib  the  time  required  to  effect 
repair  by  replacement  of  that  item.  The  basic  pitfall  in  this  approach  is  that  most 
replaceable  Itema  exhibit  more  than  one  failure  mode  and/or  associated  failure  effect. 
Depending  on  the  particular  failure  mode,  the  corrective  maintenance  time  can  be  sig- 
nificantly different  due  to  the  methodology  required  for  fault  isolation,  or  due  to  the 
resolution/ambiguity  of  the  fault  Isolation  procedure  for  different  failure  symptoms. 
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Fault  isolation  has  notoriously  been  the  biggest  unknown  In  corrective  mainten- 
ance time  estimation.  It  typically  exhibits  the  largest  variance  of  the  maintenance 
elements,  and  is  the  predicted  element  that  typically  shows  the  lowest  correlation 
with  field  experienco,  The  lack  of  success  in  predicting  fault  isolation  times  is  due 
to  the  insufficient  handling  of  failure  modes,  as  described  above,  and  to  the  differ- 
ences in  the  way  different  technicians  approach  the  same  failure  condition. 

With  an  appreciation  of  the  problems  associated  with  previous  prediction  proce- 
dures, the  approach  to  developing  a procedure  which  aoourately  predicts  maintain- 
ability becomes  straight  forward,  To  aoourately  predict  maintainability,  the  predic- 
tion methodology  must  account  for  the  way  maintenance  is  aotually  performed, 
primarily  this  ground  rule  Implies: 

1)  Fault  isolation  time  estimation  must  be  based  on  the  way  In  which  the  failure 
manifests  itself  in  terms  of  external  failure  effects  and  the  results  of  the 
fault  isolation  prooedure(s)  as  available  to  the  maintenance  technician. 

2)  Variability  due  to  different  failure  modes  and  effects  of  eaoh  replaceable 
item  must  be  accounted  for.  These  variations  are  principally  In  the  areas 
of  fault  Isolation  time  and  fault  oorreotion  time. 

3)  Ambiguity  must  be  accounted  for.  This  Includes  all  ambiguity  aB  discussed 
In  section  2. 2. 1. 2 Including  consideration  of  secondary  maintenance  which 
must  be  performed  when  the  primary  fault  oorreotion  prooedure  doeB  not 
oorrect  the  problem. 

4)  The  prediction  methodology  should  not  be  Busoeptible  to  technician  variance 
(other  than  perhaps  skill  level),  1.  e. , the  prediction  must  be  based  on  an 
established  procedure  for  eaoh  corrective  maintenance  action. 

Within  the  ground  rules  stated  above,  the  prediction  model  developed  herein  will 
allow  systematic  estimation  of  fault  Isolation  times  through  the  following  procedure: 

1.  Identify  replaceable  items  (RIs)  - refer  to  definition  in  section  2. 2, 1. 1. 

2.  Identify  the  fault  detection  and  isolation  outputs.  These  are  the  results  of 
the  BIT/Diagnostio  capabilities  of  the  system  or  the  outputs  from  manual/ 
semi-automatic  testing  by  the  maintenance  personnel, 

3,  Relate  the  fault  detection  and  isolation  outputs  to  the  RIs  or  portions 
thereof  which  are  associate  d with  eaoh  output. 

4,  Develop  u maintenance  flow  diagram  (step-by-step  man/ machine  process  in 
fault  Isolation)  and  a time  line  analysis  for  eaoh  RI/ fault  isolation  output 
combination, 
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5.  Assign  times  to  each  subtask  In  the  time  lines  and  compute  the  elapsed  time 
for  each  unique  fault  Isolation  process. 

6.  Enter  the  fault  Isolation  times  Into  the  appropriate  maintainability  prediction 
model. 

A somewhat  similar  approach  to  this  technique  was  proposed  In  RADC-TR-70-B9. 
The  shortcoming  of  this  approaoh  was  in  the  use  of  regression  equations  to  assess 
time  for  LRU/fault  symptom  relationship.  The  proposed  methodology  presented 
herein  expands  this  basic  approach  by  defining  all  replaceable  ltem/fault  Isolation 
result  relationships,  and  by  establishing  a maintenance  time  estimate  for  eaoh 
combination  based  on  a well  defined  act  of  fault  correction  procedures. 

2.2.1  Definitions 

Among  the  different  services,  and  different  organizations  within  eaoh  servloo, 
different  terms  are  used  to  mean  the  same  thing  and/or  the  same  term  Is  used  to 
mean  different  things.  For  example  a replaceable  circuit  card  oui  be  oalled  on  LRU, 
SRU,  SRA,  LRI,  WRA,  etc.  depending  on  the  organization  involved.  To  ensure  a 
common  understanding  of  the  presented  methodology,  a set  of  definitions  has  been 
developed  to  define  the  most  common  ambiguous  terms. 

2. 2. 1. 1 Replaceable  Items 

One  of  the  problems  with  some  previous  maintainability  prediction  techniques 
(particularly  regression  or  oheok  list  type)  Is  their  limitation  In  being  applied  to 
different  levels  of  maintenance  (o.g. , organizational,  intermediate,  depot).  TheBe 
different  levels  normally  address  different  types  of  maintenance  actions  Buoh  as  unit 
replacement,  module  replacement  and  piece  part  replacement. 

A significant  advantage  to  this  present  procedure  is  Its  universal  applicability 
to  any  level  or  type  of  maintenance.  The  problem  associated  with  this  expanded 
capability  is  that  the  typical  definitions  of  LRU,  SRU,  WHU,  etc. , do  not  con- 
sistently apply.  To  resolve  this  problem  the  prediction  procedure  is  presented 
In  generio  terms  of  replaceable  Items  as  defined  below. 

REPLACEABLE  ITEM  (RI)  » THOSE  PHYSICAL  ENTITIES  NORMALLY 

REMOVED  AND  REPLACED  TO  EFFECT  REPAIR 
AT  THE  MAINTENANCE  LEVEL  FOR  WHICH  THE 
PREDICTION  IS  BEING  MADE  (LRU,  PKU,  SRU, 
WRA,  PART,  ETC.). 
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2. 2. 1.  2 Ambiguity 

Ambiguity  1b  a term  whloh  has  been  used  Interchangeability  to  mean  several  things. 
For  purposes  of  this  procedure,  three  types  of  ambiguity  huve  beon  defined  and  will  bo 
referenced  in  succeeding  sections  of  this  document  &s  ambiguity  Type  1,  Typo  2, 
and  Type  3,  These  three  types  are  defined  ast 

1)  Fault  Isolation  to  a group  of  RIa 

2)  Fault  Isolation  results  Indicate  a particular  HI  or  Id  group  and  fault  1b 
actually  in  another  RI 

3)  Fault  Is  Indicated  when  there  is  no  fault  (i.  e. , false  alarm) 

2. 2. 1. 3 FaUe  Alarm  Rate  (FAR) 

TMb  Is  another  term  which  has  been  used  interchangeably  to  denote  several 
different  things.  For  purposes  of  this  procedure  FAR  will  bo  limited  to  the  following 
definitions] 

1)  Ambiguity  Type  No.  3 - Fault  la  indicated  when  there  is  no  hard  fault 

2)  Fault  Is  detected  and  can  not  be  repeated  nr,  fault  is  detected  in  one  environ- 
ment or  under  one  set  of  operating  conditions  and  cannot  l»  duplicated  under 
maintenance  conditions  (e.g.,  Airborne  radar  fault  deteoted  in  flight  but 
oannot  be  duplicated  on  the  flight  line). 
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2.3  DETAILED  PREDICTION  MODEL  DEVELOPMENT 
2.3,1  Maintainability  Parameter  Selection 

The  maintainability  parameter  most  often  specified  In  DOD  oontraot  require- 
ments Is  Mean  Time  To  Repair  (MTTR),  Equivalent  parameters  are  Mean  Repair 
Time  (MRT)  and  Mean  Corrective  Maintenance  Tims  (Mot).  MTTR  has  been  the  primary 
measure  of  maintainability  for  the  past  two  deoades  and  has  no  apparent  successor  in 
the  foreseeable  future.  MTTR  is  also  the  parameter  whloh  most  previous  prediction 
methodologies  have  addressed  (In  one  form  or  another),  and  la  the  parameter  most 
easily  definable  and  understandable  to  non-matntatnabtilty  oriented  personnel.  For 
these  reasons,  MTTR  has  been  selected  as  the  primary  maintainability  parameter  to 
be  predloted  with  die  methodology  presented  herein. 

Aside  from  MTTR)  various  other  maintainability  and  maintainability  related 
parameters  have  been  defined  and  evaluated.  Among  theee  are  Median  Time  to  Repair, 
Maximum  Time  to  Repair  (at  varloue  percentiles),  Mean  Preventive  Maintenance  Time, 
Maintainability  Index,  Maintenance  Man-houre  per  Operating  Hour,  False  Alarm  Rate, 
and  Fault  Isolation  Resolution.  The  parameters  which  are  speolfloally  addressed  In 
this  document  arei 


MTTR 

M (4>) 
max'  ' 


- Mean  Time  to  Repair 

- Maximum  Corrective  Maintenance  Time  at  the  4*  Percentile 

- Fault  Isolation  Resolution  to  a single  RI 

- Fault  Isolation  Resolution  to  s N RIa 


MMH/Repalr  - Mean  Maintenance  Man-houre  per  Repair 
MMH/MA  - Mean  Maintenance  Man-hours  per  Malntonanoo  Action 
(Inoludlng  false  alarm) 

MMH/OH  - Mean  Maintenance  Man-hours  per  Operating  Hour 
MTTR  with  Perlodlo  Adjustments 


Additional  parameters,  or  variations  of  the  above  parameters,  can  be  predicted 
with  minor  modifications  to  the  presented  procedure. 
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2.3.2  Prediction  of  MTTR 
2. 3.  2.1  Definition  of  MTTR 

Aa  noted  in  section  2,  8. 1,  the  primary  maintainability  purnmeter  to  be  predicted 
with  the  methodology  presented  herein  is  MTTR.  The  definition  of  MTTR  per 
MIL-STD-721B  1st 

"The  total  correotive  maintenance  time  divided  by  the  total  number  of 
corrective  maintenance  actions  during  a given  period  of  time" 

This  definition  is  easily  applied  to  operational  maintenance  data  or  formal 
maintainability  demonstration  teats,  however,  It  is  not  ae  eusliy  applied  to  pre- 
dictions. A prediction  cannot  confidently  aoeount  for  time*  associated  with  opera- 
tional or  logletio  constraints,  nor  can  It  accurately  account  for  non  predlotable 
failure  occurrences  suoh  as  Intermittent  failures  or  lnduoed  failures.  Additionally 
it  oannot  account  for  maintenance  occurring  during  a set  period  of  time  einoe  the 
repairs  occurring  during  that  time  oannot  be  accurately  predicted,  For  purposes  of 
the  prediction  methodology  presented  herein,  the  following  definition  of  MTTR  is 
provided) 

MTTR  THE  MEAN  VALUE  OF  THE  PROBABILITY  DISTRIBUTION  OF 
TIMES  TO  COMPLETE  ACTIVE  CORRECTIVE  MAINTENANCE 
OVER  ALL  PREDICTABLE  UNSCHEDULED  MAINTENANCE 
ACTIONS  WEIGHTED  BY  THE  RELATIVE  FREQUENCIES  OF 
OCCURRENCE  OF  THESE  ACTIONS. 

2. 3.  2. 2 MTTR  Prediction  Ground  Rules 

The  ground  rules  assoolated  with  a specific  prediction  will  depend  on  the  opera- 
tional requirements  and  customer  specified  requirements  for  a particular  equipment 
application.  For  example,  one  contraot  may  require  that  spare  retrieval  time  be 
inoluded  in  the  prediction  whereas  another  oontraot  would  not)  or,  one  contract 
might  require  that  a system  be  reinitialised  and  returned  to  an  operating  state 
before  repair  is  considered  complete,  whereas  another  contraot  might  oonsider 
repair  completion  concurrent  with  oampletlon  of  repair  verification  (i.e.  checkout). 
In  general  the  following  ground  rules  will  apply  to  all  predictions) 
e Failures  ooour  at  the  predicted  failure  rate 
e Hurd  failures  only 
e Single  failures  only 
e Randomly  occurring  failures  only 
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• Maintenance  is  performed  in  accordance  with  established  maintenance 
procedures  <1.  e. , documentation,  tools,  test  equipment) 

e Maintenance  is  performed  by  technicians  with  appropriate  skills  and 
training 

e Active  maintenance  time  only  - exoludea  administrative  and  logistlo  delays, 
fault  detection,  clean  up 
2 . 3 . 2 , 3 MTTR  Elements 

The  methodology  presented  herein  is  a typioal  time  synthesis  technique.  The 
times  associated  with  eaoh  portion  of  a maintenance  notion  are  summed  together  to 
yield  the  total  maintenance  time  for  that  action.  It  should  be  noted  that  for  each 
individual  maintenance  notion,  the  predioted/esti mated  maintenance  time  is  the 
expected  average  time  to  complete  that  maintenance  action.  For  all  but  the  most 
basic  or  automated  maintenance  taeka  (e.  g. , load  time  for  a fixed  length  computer 
controlled  diagnostic  program),  there  la  some  variability  to  maintenance  time.  In 
the  presented  methodology  variability  la  addressed  only  for  predicting  maximum 
correotlve  maintenance  time  aa  presented  in  section  2, 5. 

Previous  time  synthesis  prediction  techniques  have  broken  down  MTTR  into 
various  maintenance  elements  as  shown  in  Table  2.  The  time  elements  are 
basioally  the  same  for  all  techniques.  Minor  differences  oocur  in  the  nomenclature 
of  the  various  elements  and  in  the  quantity  of  elements  which  are  included.  For 
example,  all  the  breakdowns  include  some  form  of  fault  looation/leolatlon  time, 
while  only  3 inoludo  preparation  time,  and  only  one  tnoludes  clean  up  time.  For  all 
of  the  techniques  shown,  the  repair  time  is  the  algebralo  sum  of  the  times  associated 
with  the  elements.  Elements  suoh  aa  preparation  time,  excluded  In  some  techniques, 
oan  be  included  simply  by  adding  the  associated  time  to  the  previously  computed 
repair  time. 

Two  advantages  of  the  presented  methodology,  over  other  time  synthesis 
techniques,  are  its  flexibility  and  its  capability  of  treating  ambiguous  maintenance 
aotions.  MTTR  predictions  using  this  procedure  oan  Inoluds  any  or  all  of  the 
elements  addressed  in  other  technique* . They  normally  address  the  broad 
categories  shown  in  Table  3.  A definition  of  eaoh  of  the  maintenance  elements  Is  pro- 
vided in  Table  4.  The  methods  applicable  to  estimating  each  of  the  maintenance 
element  times  are  presented  in  Table  5. 


U 
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TABLE  3.  MTTR  ELEMENTS  FOR  NEW  PREDICTION  METHODOLOGY 


TABLE  4.  DEFINITION  OF  MAINTENANCE  TASK  TIMES 


Maintenance 
Element  Time 

Abbreviation* 

Definition 

Preparation 

TP( 

nj 

Time  associated  with  those  tasks  required 
to  be  performed  before  fault  isolation  oan 
be  exeouted,  Examples!  Obtain,  set-up  and 
warm  up  test  equipment)  Apply  power  and 
ooo ling  to  system,  warm  up  and  stabilize) 

Input  system  initialization  parameters. 

Fault  Isolation 

tfi 

FInJ 

i 

Time  associated  with  those  tasks  required  to 
isolate  the  fault  to  the  level  at  which  fault 
correction  begins.  Examples:  Loud,  run, 
and  Interpret  results  of  a diagnostic  program; 
Examine  fault  isolation  symptoms,  locate 
symptoms  In  maintenance  manual,  follow 
manual  procedures  to  point  where  replaceable 
item  or  group  of  replaceable  Items  Is 
identified. 

Fault  Correction 

• Spare  Retrieval 

Xj 

Time  associated  with  obtaining  a spare 
replaceable  item  or  group  of  replaceable 
items  from  the  designated  sparse  area, 

• Disassembly 

% 

Time  associated  with  gaining  aooees  to  the 
replaceable  1 em(s)  dentlfied  during  the 
fhult  isolation  process.  Examples  Opening 
cabinet  doors,  pulling  out  equipment  drawers, 
removing  CCA  retaining  bare;  Teohnloian 
transit  time  to  a remote  equipment. 

• Interchange 

\ 

Time  associated  with  the  removal  und 
replacement  of  a faulty  replaceable  item 
or  suspeoted  faulty  items.  Examples: 

Removing  screws,  connectors,  solder 
joints)  Extracting  and  inserting  the 
replaceable  item)  Application  of  conformal 
coating,  heat  transfer  paste. 

• Reassembly 

% 

Time  associated  with  closing  up  the  ship- 
ment after  interchange  is  performed,  l.e. , 
the  opposite  process  of  disassembly. 

♦Abbreviations  used  In  the  prediction  math  models ) Time  to  perform  the  m1*1  ele- 
mental task  <P,  FI,  SR,  D,  I,  It,  A,  C,  ST)  for  the  n*h  RI  given  the  Jth  fault 
Isolation  result. 


TABLE  4.  DEFINITION  OF  MAINTENANCE  TASK  TIMES  (Continued) 


* 1 

Maintenance  Time 

Abbreviation* 

Definition 

e Alignment 

ta 

AnJ 

Time  associated  with  aligning  or  calibrating 
the  system  or  HI  after  a fault  has  been 
corrected. 

• Cheokout 

Tc 

cnj 

1 

Time  associated  with  the  verification  that 
a fault  has  been  oorreoted  and  the  system 
is  operational. 

Start-up 

T 

STnJ 

Time  associated  bringing  a Bystem  up  to 
the  operational  state  it  was  in  prior  to 
faiiurei  once  a fault  has  been  corrected 
and  verified. 

♦Abbreviation  used  In  the  prediction  math  models . 


TABLE  5.  CORRECTIVE  MAINTENANCE  TIME  ELEMENTS  AND 
METHODS  OF  ESTIMATION 


' 

Time 

Standards 

Fixed 

Time 

Field 

History 

Engineering 

Judgement  , 

PREPARATION  - Tu 

X 

X 

x 1 

FAULT  ISOLATION  - T„ 

FInj 

X 

X 

X 

SPARE  RETRIEVAL  - T__ 

SRnj 

1 

i 

X 

X 1 

DISASSEMBLY  - Tn 

UnJ 

X 

X 

i 

INTERCHANGE  - T. 

‘nj 

X 

x 

i 

REASSEMBLY  - Tw 

X 

X 1 

1 

ALIGNMENT  - TA 

Anj 

X 

X 

X 

CHECKOUT  - T_ 

CnJ 

X 

1 

X 

X 

START  UP  - Tr_, 

nj 

- _ 

X 

X 

1 

X 

1 

2.  3.  2. 4 Generalized  Model 

The  generalized  equation  for  computing  MTTR  is 


MTTR 


N 

£ Xn*n 
n=l 


\ 


n 


where: 

N 


R„  « 


Number  of  replaceable  Items  (RI) 

Failure  rate  of  the  nth  RI  excluding  any  undetected  failure  rate 

Mean  repair  time  of  the  nth  RI  as  computed  below 
J 


R_ 


£ x 

±L 


nj  Rn] 


J 

£ 

J»1 


'nj 


where: 


J 

xnj 


R 


nj 


Number  of  unique  fault  isolation  results  (refer  to  section  5.1.3) 
Failure  rate  of  those  parts  of  the  nth  RI  which  would  oause  the  nth  RI 
to  be  called  out  In  the  jth  fault  isolation  result  (note  that  this  can  be 
zero) 

Average  repair  time  of  the  nth  RI  when  called  out  in  the  Jth  fault 
Isolation  result  as  oomputed  below: 


R 


nj 


m=l 


nj 


where: 

= Number  of  steps  to  perform  corrective  maintenance  when  a failure 
occurs  in  the  nth  RI  and  results  in  the  jth  fault  Isolation  results. 
Includes  all  maintenance  elements  - preparation,  Isolation,  spare 
retrieval,  et  al.  This  may  Include  operations  on  other  RIs  called 
out  In  the  jth  fault  Isolation  result. 

Tmnj  = Average  time  to  perform  the  rath  corrective  maintenance  step  for 
the  nth  RI  given  the  jth  fault  Isolation  result. 
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2.  3, 2.  5 Special  Cases 

Tills  section  defines  mathematical  models  for  computing  MTTR  under  certain 
special  cases  of  maintenance  concepts.  The  special  models  are  interesting  in  that 
they  clearly  show  how  the  MTTR  is  affected  by  differing  maintenance  philosophies, 
However,  their  utility  is  somewhat  limited.  There  are  very  few  equipments  or 
systems  which  encompass  one  and  only  one  special  case  described.  In  general, 
maintenance  will  include  several  types  of  maintenance  actions.  Hence  the  gen- 
eralized models  in  conjunction  with  the  procedure  of  Section  5.1  must  be  applied. 

(1)  Nonambiguous:  Maintenance  is  accomplished  by  performing  fault 
isolation  to  a single  RI  and  replacing  that  RI.  (Refer  to  Figure  1. ) 


Rnj  " TPnj  +TFInj  +T8RnJ  +TD„j  +TInj  +TRnj 

+ TAnj  +TCnj  +TSTnJ 

(2)  Ambiguity  (Type  1)  - Group  Replacement! 

Maintenance  is  accomplished  by  performing  fault  isolation  to  a group  of 
RIs  and  replacing  all  the  RIs  in  the  group. 

(a)  Generalized  (Nj  = RI  group  size)  - Refer  to  Figure  2, 


Rnj  “TPnt  +TF1„,  +TSR  + 


nJ 


‘nj 


> (T-.  +T„  V 

nj  s~l  l Dnj  Rnj)8 

NJ 

+ £ iTi  +ta  I +Tm  + ?qT 

s«l  ^ ^ AnJ/s  conj  STnJ 

where  Nj  = number  of  RIs  that  must  be  replaced  as  a result  of  the 
jth  fault  isolation  result 

N^'  » number  of  disassembly/reassembly  actions  required  for  the 
jth  fault  isolation  result 

= Nj,  if  separate  disassembly  and  reassembly  required  for 
each  interchange 

(b)  Reduced  (Single  access  & spare  retrieval)  ••  Refer  to  Figure  8. 

Rnj  = % +TFInj  + TSRnj  +TDnJ 


Nj 


+ E (TI,+TA.VTR  + Tr  + tst 
'nj  Anj  8 Knj  cnj  bri 


nj 
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Figure  3.  Group  Replacemenr/Single  Acceu  and  Sparc  Retrieval 


(3)  Ambiguity  <Type-l)  - Iterative  Replacement: 

Maintenance  Lb  accomplished  by  performing  fault  isolation  to  a group 
of  RIa  and  then  replacing  the  euapeot  RIa  one  at  a time  until  the  fault 
has  been  corrected.  (Refer  to  Figure  4) 


where: 

Knj  ” rePlaoomont  order  of  nth  RI  given  the  jth  FI  result. 

Tn  and  Tp  included  as  many  times  as  required. 

°nj  nj 
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2.4-KARLY  PREDICTION  MODEL  DEVELOPMENT 

The  maintainability  prediction  methodology  presented  in  section  2. 11  cun  not  l>e 
easily  implemented  during  the  curly  stages  of  a program.  The  major  reason  for  this 
limitation  Is  the  requirement  of  detailed  information  about  the  fault  isolation  charac- 
teristics, The  early  prediction  model  presented  herein  requires  leas  detailed  fault 
isolation  data  and  therefore  is  capable  of  implementation  during  the  early  stages  of  u 
program. 

Two  approaches  were  taken  to  develop  an  early  prediction  model.  The  first 
approach  was  to  develop  prediction  models  using  correlation  equations  generated  from 
regression  analyses  of  the  physical,  fault  Isolation,  and  maintainability  characteristics 
of  existing  systems.  The  second  approach  was  to  simplify  the  detailed  model  into  a 
general  form  where  leas  information  would  be  required  to  implement  it. 

The  findings  and  results  of  these  two  approaches  are  presented  in  the  following 
sections. 

2.  4. 1 Correlation  Analysis  Approach 

The  objective  of  this  analysis  was  to  derive  nn  equation  or  set  of  oquat.lons  which 
define  the  correlation  between  design  characteristics  and  inheront  maintainability 
parameters.  The  approach  followed  was  tot  1)  define  the  prediction  parameters  to  bo 
predicted,  2)  define  the  design  characteristics  believed  to  Ijo  rolulcd  to  each  of  the 
maintainability  parameters,  2)  collect  data  on  the  defined  design  characteristics  and 
maintainability  parameters  from  existing  systems,  and  4)  perform  a siepwlse  regres- 
sion analysis  to  generate  and  evaluate  the  regression  equations. 

2. 4. 1. 1 Selection  of  Maintainability  Parameters 

In  consonance  with  establishing  MTTR  as  the  primary  maintainability  parameter 
to  be  predicted  with  the  detailed  procedure,  MTTR  was  also  aoleoted  as  the  primary 
parameter  for  the  regression  analysis.  Additionally,  within  MTTR,  it  was  felt  that 
a further  distinction  between  various  aspects  of  MTTR  might  produce  more  meaning- 
ful correlations.  As  a starting  point,  three  equations  defining  MTTR  were 
hypothesized  i 


1) 

MTTR  - 

- K.  MTTR. 
A A 

. Kg  MTTRg  * (1-Ka-Ksi  MTTR,, 

2) 

MTTR 

PD  MTTRjj 

4 MTTHA1M  + PPS  MTT“PS  4 PRF  MTTRUP 

+ PppMTTRpp  + PCMTTHC 

3) 

MTTR 

mttHbo  '• 

MTTllpp  + MTTRcQ 
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where! 


• KA  k percent  automntic  fault  isolation 

• Ks  = percent  semi-automatic  fault  isolation 

• MTTRa  ■ MTTR  associated  with  automatic  fault  isolation 

« MTTRg  » MTTR  associated  with  semi-automatic  fault  isolation 

s MTTRjyj  - MTTR  associated  with  manual  fault  isolation 

s Pd  ■ Percentage  of  equipment  which  is  digital 

e PA  * Percentage  of  equipment  whioh  is  analog 

e Ppg  ■ Percentage  of  equipment  whioh  is  power  supplies 

• Prf  ” Percentage  of  equipment  which  is  RF 

e Ppp  - Percentage  of  equipment  which  is  pleoeparts 

• Pc  - Percentage  of  equipment  which  is  chassis  associated 

components 

e MTTRd  ■ MTTR  of  digital  portion  of  equipment 

e MTTR^ka-  MTTR  of  analog  portion  of  equipment 
e MTTRpg  ■ MTTR  of  power  supply  portion  of  equipment 

e MTTRrf  " MTTR  of  RF  portion  of  equipment 

e MTTRpp  « MTTR  of  pleoeparts  portion  of  squlpmsnt 

e MTTRc  - MTTR  of  equipment  chassis 

e MTTRjqo  ■ average  fault  Isolation  time 

e MTTRgn  ■ average  fault  correction  time 

e MTTRco  “ average  checkout  time 

e MTTR  * mean  time  to  repair 

It  was  proposed  that  regression  equations  be  established  for  the  above  param- 
eters, values  be  determined  for  the  equipment  being  predicted,  and  the  values 
entered  into  one  of  the  three  hypothesized  equations  to  yield  MTTR.  Exception  to 
this  would  be  values  for  MTTRA,  MTTRg  and  MTTR^j  which  would  be  derived  by 
time  synthesis  methods. 

2. 4. 1. 2 Selection  of  Design  Characteristics 

in  establishing  the  regression  equation  for  the  maintainability  parameters  defined 
in  the  preceding  section,  the  following  linear  model  was  selected 

Y - Bq+B1X1  + B2X2.  . . Bp  Xp 
wheret 

Y ® the  dependent  variable  being  predicted  (e.g. , KA,  Kg,  MTTRA) 


i 


i 
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th 

Xp  - The  P predicting  parameter  (Independent  variable) 

Bp  - the  coefficient  computed  by  the  regression  program  for  the  parameter 
The  dependent  variables,  or  design  characteristics  to  be  correlated  with  the  main- 
tainability parameters  were  selected  based  on  their  expeated  Influence  on  equipment 
maintainability.  The  selected  design  oharaotsrletloe  are  defined  In  Table  6.  The 
selected  design  characteristics  ware  oompared  against  the  list  of  dependent  varlablee 
to  determine  which  characteristics  should  be  correlated  with  eaoh  parameter.  The 
, resulting  relationship  matrix  is  shown  In  Table  7. 

2.4. 1.3  Data  Collection 

! The  data  collected  on  each  of  the  dependent  and  Independent  varlablee  which  was 

used  to  conduot  the  regreaslon  analysis  and  establish  the  regression  equations  Is 
provided  In  section  3.  Also  tnoluded  In  Motion  3 la  a more  detailed  definition  of  each 
j of  the  dependent  and  Independent  variables  evaluated. 

| In  the  process  of  data  collection  U was  found  that  data  oould  not  be  segregated  for 

! i the  varlablee  MTTRjj,  MTTRANA,  MTTRpg,  MTTRRF,  MTTRpp  or  MTTRC,  There- 

I j fore,  the  second  hypothesised  equation 

! | (MTTR  - PD  MTTRD  + PA  MTTRana  + Ppg  MTTRpg  + PRp  MTTR^ 

! + Ppp  MTTRpp  + Pc  MTTRC) 

' oould  not  be  evaluated  and  was  dropped  from  the  analysis. 

' 2.4. 1.4  Regression  Analysis 

! 2.4. 1.4.1  Regression  Analysis  Program 

The  regression  analysla  was  performed  using  the  computerized  stepwise  regression 
, | analyst  program  (SRAP)  contained  In  the  UCLA  Biomedical  Computer  Program  library. 

j This  program  takes  a multiple  number  of  Independent  variables  and  one  dependent 

\ variable  and  computes  a series  of  multiple  linear  regreaslon  equations.  The  first 

.«*  1 regression  equation  contains  the  one  Independent  variable  that  has  the  highest  correla- 

| tlon  with  the  dependent  variable.  At  eaoh  step  an  additional  independent  variable  Is 

| inserted  and  a new  multiple  linear  regression  equation  Is  computed.  The  variable 

| * added  le  the  one  which  makes  the  greatest  reduotton  In  the  error  sum  of  squares, 

j Variables  eon  also  be  removed  after  they  have  been  Inserted,  If  their  F values  fall 

j below  a tolerance  value  set  by  the  user.  The  result  of  thr  stepwise  regression  analysts 

j program  Is  u multiple  linear  regression  equation  that  estimates  the  dependent  variable 
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TABLE  8.  DEFINITION  OF  VARIABLES 


Variables 

Definition 

RIQ 

quantity  of  replaceable  RIs 

MRIQ 

quantity  of  replaoeoble  modular  (plug-in)  RIs  ! 

ACT 

quantity  of  active  components 

PAS 

quantity  of  passive  components  1 

FR 

failure  rate  (failures  per  106  hours) 

ISO 

predicted  fault  isolation  time  ! 

HR 

predicted  removal/replaoement  time  ! 

CO 

predicted  cheokout  time  | 

MTTR 

predicted  MTTR  ' | 

DISC) 

demonstrated  fault  isolation  time  ■ 

DRR 

demonstrated  removal/replacement  time 

DCO 

demonstrated  oheckout  time 

DMTTR 

demonstrated  MTTR 

QFIR 

quantity  of  unique  fault  isolation  results 

KA 

f motion  of  faults  Isolated  automatically 

TYPA 

type  of  automatlo  fault  Isolation 

KS 

fraction  of  faults  Isolated  aeml-automatically 

TYPS 

type  of  aemt-automatlo  fault  Isolation 

KM 

fraotlon  of  faults  Isolated  manually 

DIAG 

alia  of  the  computer  diagnostic  program 

RES1 

fraction  resolution  to  one  RI 

RE  S3 

fraction  resolution  to  less  than  or  equal  to 

3 RIs 

MAXRI 

maximum  number  of  RIs  In  a FI  group 

AVQ 

average  FI  group  else 

ANA 

fraction  of  analog  parts 

DIG 

fraction  of  digital  parte 

RF 

fraotlon  of  RF  parte 

PS 

fraction  of  power  supply  pa  rts 

PP 

fraotlon  pieoeparte 

CHASS 

fraction  ohaesie  parts 

ALI 

fraction  of  RIs  that  require  alignment 

PLG 

fraction  of  plug- in  RIa 

Notesi  1)  All  fractions  are  based  on 

failure  rates 

2)  All  times  are  in  minute b 


TABLE  7.  ASSUMED  RELATIONSHIPS  BETWEEN  MAINTAINABILITY  PARAMETERS  (DEPENDENT  VARIABLES) 
AND  EQUIPMENT  CHARACTERISTICS  (INDEPENDENT  VARIABLES) 


1 

Old 

PI 

X x X X X x xxx  X X X X 

nv 

ff 

XX  XX  XX  X X X XX  XX  XXX  XX 

SSVHO 

3 

xxxxxx  xxxxxxxx 

dd 

m 

xxxxxx  xxxxxxxx 

Sd 

FI 

xxxxxx  xxxxxxxx 

dH 

FI 

xxxxxx  xxxxxxxx 

Dia 

FI 

xxxxxx  xxxxxxxx 

VNV 

FI 

xxxxxx  xxxxxxxx 

DAV 

FI 

XXXXXXXXXXX  XXX  X 

IHXVW 

FI 

XXXXXXXXXXX  XXX  X 

GS3H 

FI 

XXXXXXXXXXX  XXX  X 

TS3H 

m 

XXXXXXXXXXX  XXX  X 

m 

XX  xxxxxxxxxx  XXX  X 

WN 

FI 

XXXXXXX  XXX  X 

SdAX 

X X XXXXXX  XXX  X 

sx 

III 

X XXXXXXX  XXX  X 

VdAL 

FI 

X X XXXXXXX  XXX  X 

VS 

FI 

XXXXXXX  XXX  X 

HIdfo 

s 

xx  XXXXXXX  XXX  X 

HLXW 

w 

mri 

ooa 

s 

HHa 

FI 

ogia 

FI 

X 

HiXW 

P 

iRMMH*] 

□ 

Bki 

n 

osi 

0 

Hd 

1^5 

xxxxxxxxxxxxx  xxxxxx 

SVd 

D 

xxxxxxxxxxxxx  xxxxxx 

1 

xxxxxxxxxxxxx  xxxxxx 

£5 

X XXX XXXXXXXXXXXXX XXX 

i felH 

- 

xxxxxxxxxxxxxxxxxxxx 

4 

Variables 

rflil! 

t 

w t-  o*  ist>oonoriMn 

<-*  •**  **  rt  rt  rt  P!t__l 

35 


I 


2. 4. 1. 4. 2 Regression  Analysis  Procedure  and  Results 

The  first  approach  to  running  the  regression  program  was  to  segregate  the  data 
by  equipment  type  and  oreate  unique  regression  equations  for  each  type.  The  original 
concept  conceived  types  to  be  easily  defined  by  equipment  funotion  (1.  e. , computer, 
transmitter,  receiver,  signal  processor,  display,  etc.),  however,  it  was  soon 
recognized  that  funotion  did  not  uniquely  identify  types.  Types  had  to  be  further 
categorized  by  circuit  type  (analog,  digital,  RF,  etc.),  oirouit  Implementation  type 
(tube,  transistor,  microelectronics,  etc.),  fault  isolation  Implementation  type  (BIT, 
BITE,  Diagnostics,  Manual),  fault  isolation  use  type  (automatio,  semi-automatic, 
manual),  voltage/power  levels,  etc.  To  aoourately  and  uniquely  define  types,  almost 
eaqh  piece  of  data  collected  would  be  a separate  data  set  and  Insufficient  data  would 
be  available  to  conduct  the  regression  analyses, 

In  the  final  analysis  all  the  data  collected  was  combined  into  one  data  set.  This 
was  considered  a reasonable  approach  since  1)  the  independent  variables  do  in  fact 
oharaoterlze  the  equipment  by  type,  and  2)  ideally,  a single  model  to  predict  main- 
tainability parameters  for  all  equipment  types  is  desired. 

At  first  each  dependent  variable  was  run  individually  against  the  corresponding 
Independent  variables  Identified  In  Table  7.  This  was  done  to  Bee  If  any  single 
predictor  oould  produce  a good  prediction  model.  Table  8 shows  the  best  predictors 
found  for  eaoh  dependent  variable  regressed  upon. 


TABLE  8.  PRELIMINARY  CORRELATION  RESULTS  BASED  ON  A 
SINGLE  INDEPENDENT  VARIABLE 


Dependent  Variable 

Best  Independent 
Variable  Predictor 

Correlation  Coefficient 

ka 

PAS 

+0. 382 

Ks 

PP 

-0. 407 

km 

PP 

+0. 630 

MTTRISO  (P) 

KA 

-0.  460 

MTTRrr  (P) 

ANA 

-0.210 

MTTRcq  lp) 

KA 

-0.637 

MTTR  (P) 

KA 

-0. 386 

MTTRujo  (D) 

KS 

+0. 670 

MTTRrr  <D) 

RES  1 

>0.243 

MTTHcq  (D) 

DISO 

+0. 697 

MTTR  (D) 

KS 

+0.437 

P = predloted;  D = demonstrated 
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Ah  expected  the  results  were  negative.  In  some  oases  the  correlation  was  good 
(.>0.  5),  but  the  predicted  values  versus  the  actual  values  were  very  erratic. 

Next  the  SRAP  program  was  implemented  using  the  maximum  number  of  independ- 
ent variables  available  for  each  dependent  variable.  The  rcsultB  are  summarized  in 
Table  !). 

In  an  attempt  to  increase  the  multiple  correlation  some  new  independent  variables 
were  created.  They  werei 

e PARTS  - total  number  of  parts  {equal  to  ACT  + PAS) 

• DUES  - fraction  of  resolution  =3  RIa,  but  >1  RI  (equal  to  RES3  - RES1) 

• TANAL  - fraction  of  failure  rate  of  all  analog  type  RIa  (equal  to  ANA  + P8+RF) 

• QFIR/RIQ  - quantity  of  fault  isolation  re  suite  per  RI  (equal  to  QFIR/RIQ) 

e QFIR/MRIQ  - quantity  of  fault  isolation  results  per  modular  RI  (equal  to 

QFIR/MRIQ) 

e NMRIQ  - quantity  of  non-modular  RIs  (equal  to  R1Q-MRIQ) 

The  SRAP  program  was  rerun  using  the  new  independent  variables.  Hie  results 
showed  only  a slight  Improvement  in  the  multiple  correlation. 

At  this  point  the  following  changes  were  implemented. 

1.  The  data  containing  l's  and  0's  for  KA  and  KM  was  removed  etnoe 
realistically  It  is  impossible  to  have  100%  for  KA,  or  0%  for  KM. 

TABLE  9.  FIRST  MULTIPLE  CORRELATION  RESULTS 


DV 

Sumplo 

Size 

Qty  of 
IVa 

Available 

Qty  of 

IVs 

Used 

Multiple 

R 

*A 

80 

12 

11 

0.  606 

80 

12 

12 

0.  584 

km 

80 

11 

11 

0.669 

MTTKjqq  (P) 

80 

19 

18 

0.  660 

MTTRjjjj  (P) 

80 

11 

10 

0.470 

MTTRjjq  (P) 

80 

17 

16 

0.  763 

MTTR  (P) 

80 

20 

18 

0.692 

MTTReq  (D) 

52 

19 

18 

0.  640 

MTTRrr  <D) 

52 

11 

10 

0.496 

MTTRcq  (D) 

52 

17 

IT 

0.  918 

MTTR  P) 

52 

20 

20 

0.  816 

i-  predicted!  D = 

demonstrated 

DV  ••=  Dependent  Variable 
IV  Independent  Variable 
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2.  KS  was  removed  as  a possible  Independent  variable.  Semi-automatic 
Isolation  Is  a non  definitive  entity  whtoh  Indicates  a capability  Bomewhere 
between  automatic  and  manual  isolation.  As  more  positive  indicators, 
and  Km  were  used.  The  analysis  web  not  weakened  by  this  change  since 
KS  - 1 - KA  - KM. 

3.  MTTRrr  was  removed  as  a possible  dependent  variable.  The  regression 
analysis  Indicated  very  low  correlation  with  all  independent  variables, 
Instead  MTTRrr  will  be  time  synthesized, 

4.  Predicted  repair  times  (MTTR^q  (P),  MTTRrr  (P),  MTTRco  (P»  were 
excluded  as  possible  dependent  variables.  The  predicted  values  were  based 
on  old  prediction  methodologies  and  the  validity  of  the  data  was  therefore 
questionable. 

5.  The  failure  rate  for  each  equipment  was  normalized  to  a ground  fixed 
environment. 

2. 4. 1.4. 2.1  Correlation  and  Regression  Analysis  for  Kg  and  Km 

After  making  the  changes  mentioned  above  the  SRAP  was  rerun  for  KA  and  KM< 
The  results  are  shown  in  Table  10. 

TABLE  10.  SECOND  CORRELATION  RESULTS  FOR  AND  KM 


Sample  Qty  of  Qty  of 

DV  Size  IVs  Available  IVs  Used  Multiple  R 


KA 

IB 

16 

11 

0.822 

km 

31 

14 

B 

0.640 

This  time  the  correlation  was  very  good  and  the  predicted  values  were  close  to 
the  actual  values.  The  next  step  was  to  minimize  the  quantity  of  IVs  and  still  main- 
tain a good  correlation.  The  results  of  this  effort  are  shown  In  table  11. 


TABLE  11.  THIRD  CORRELATION  RESULTS  FOR  Ka  AND  Km 
Qty  of  Qty  of 


DV 

Sample  Size 

s/a 

IVs  Available 

V VI 

IVs  Used 

Multiple  R 

Reduction  Number 

Ka 

18 

8 

6 

0.676 

1 

km 

31 

e 

8 

0.  840 

1 

ka 

18 

s 

6 

0.062 

2 

km 

31 

6 

0 

0.739 

2 
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The  linear  models  used  In  the  correlation  analysis  of  KA  and  Km  showed  good 
correlation  as  indicated  above  but  they  had  two  major  drawbacks,  It  was  possible 
using  the  linear  models  that  Ka  + could  be  greater  than  or  oqual  to  one  and  it  was 
also  possible  that  Ka  and/or  Km  could  be  less  than  zero.  Since  Ka  and  Km  must 
be  positive  and  ka  + + mUBt  *5e  eclu&l  to  1.0,  the  regression  model  was 

changed  to  an  exponential  equation.  Two  forms  of  the  exponential  equation  were 
used  as  indioated  belowt 


V H j’X 

and 

? . i-.-x 

where 

X - Bq  + + BgXg  . . . Bp  Xp 

and 

$ - or  ftM 

The  above  scheme  [ uaranteed  that  &A  and  were  greater  than  or  equal  to  zero 
and  lesB  than  or  equal  t >j  one,  but  it  did  not  guarantee  that  the  sum  of  ftA  and  ftg  were 
less  than  or  equal  to  one.  This  was  then  solved  by  using  the  following! 

ft  - Ka  4 km  - 1 - e"x  where  X » BQ  + B1X1  + B2X2  . . . BpXp  (1A) 

or  * e“X  (IB) 

then 

Ka  ■=  ft  (1  - e'X)  where  X - BQ  + BjXj  + BgXg  + . , . BpXp  (2A) 

or  «=  ft  (e”X)  k (2B) 

The  results  using  equations  1A  and  IB  showed  low  correlation  for  K = KA  + KM» 
so  it  was  rerun  using  K = Ka  + Kq  = 1-  K^.  This  time  the  correlation  and  predicted 
values  were  very  good.  Next  equations  2A  and  2B  were  run  using  the  results  obtained 
for  K In  the  previous  run  (l.e. , K = KA  + Kg).  The  results  showed  very  good  correla- 
tion. The  summary  of  the  results  are  shown  in  Table  12. 
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TABLE  12.  FOURTH  CORRELATION  RESULTS  FOR  AND  K 


Qty  of  Qty  of  Model 


DV 

Sample  Size 

IVs  Available 

IVs  Used 

Multiple  R 

Used 

k“ka+ks 

31 

18 

16 

0.  861 

1A 

K-KA+Kg 

31 

18 

12 

0.  848 

IB 

ka 

12 

10 

8 

0.961 

2A 

ka 

14 

12 

10 

0.  814 

2B 

Once  the  model  forms  were  established,  they  were  reduced  to  minimize  the 
quantity  of  IVs  while  maintaining  a good  predicting  model.  The  criteria  used  for  the 
removBl  of  an  IV  was: 

1.  how  easy  Is  it  to  obtain  the  data  during  the  preliminary  design  phase 

2.  how  much  effect  does  the  IV  have  on  the  model  (weighting) 

3.  engineering  judgment 

The  results  for  the  final  model  are  snown  In  Table  13. 


TABLE  13.  FINAL  CORRELATION  RESULTS  FOR  AND  K 


Appendix  A 

Reference  Number  DV 

Sample 

IVs 

Available 

IVs  Used 

Multiple  R 

Model 

1 

K»KA+KS 

31 

11 

11 

0.800 

1A 

2 

ka 

12 

7 

6 

0.  935 

2A 

The  final  prediction  models  for  KA,  Kg,  and  KM  are: 

A.  & - £A  + Vl-e'Xl 

where 

Xi  «=  0.410  + 0.0016  MRIQ  - 0.0002  ACT  + 0.0018  FR  +0.21  DIAG 
+ 0.  73  DIG  - 0.  30  PP  - 3.  60  ALI  + 0.  00007  PARTS 
+ 0. 98  TANAL  - 0. 001  QFIR  + 0. 058  QFIR/MRIQ 

B.  £a  « £ (1  ••  e'X2) 
where 

X2  = -0.  P i - 0.  003  MRIQ  + 0.  0003  ACT  + 0.  0006  FR 
+ 0. 11  DIAG  - 0.  27  TANAL  + 0. 18  QFIR/MRIQ 
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C'  «.  - »-*A 

D.  ftj,  > 1 - 8 

2.4. 1.4.2. 2 Correlation  and  Regression  Analysis  for  MTTRjgo  and  MTTRC0 

Using  the  modified  data  sets  desorlbed  in  2. 4. 1.4. 2,  the  SRAP  program  was  rerun 
for  MTTRjgQ  and  MTTRcq.  The  results  showed  very  good  correlation.  A summary 
of  the  results  Is  shown  In  Table  14. 


TABLE  14.  SECOND  CORRELATION  RESULTS  FOR  MTTRiso  AND  MTTRCO 


DV 

Sample  Size 

Qty  of 

IVs  Available 

Qty  of 

IVs  UBed 

Multiple  R 

MTTRcq 

26 

26 

20 

0.967 

MTTRco 

26 

19 

19 

0.8B9 

The  next  step  was  to  reduce  the  quantity  of  IVs  In  each  model.  The  criteria  for 
removing  an  IV  was  the  same  as  described  in  section  2. 4. 1. 4. 2. 1.  A summary  of 
these  runs  is  provided  in  Table  16. 


TABLE  16.  FINAL  CORRELATION  RESULTS  FOR  MTTRCO  AND  MTTRqq 


Appendix  A 

Reference  Number  DV 

Sample  Size 

Qty  of 

IVs  Available 

Qty  of 
IVs  Used 

R 

3 MTTRiso 

26 

10 

10 

0.661 

4 MTTRco 

26 

10 

10 

0.687 

The  final  prediction  models  of  MTTRjgQ 

and  MTTRcq  aret 

MTTRjqq  *=  7.  94  - 0. 01  MRIQ  + 0.  00033  FR  - 1.  88  KA  + 0. 77  KS 
- 0.17  DIAG-4.38RESI-  0.  24  AVG  + 5.  5 PP 
+ 0. 13  QFIR/MRIQ  + 0.  88  DIG 

MTTRcq  ■=  0. 344  - 0. 006  MRIQ  + 0.  0016  FR  - 0. 126  KA  + 0. 064  KS 

+ 0. 12  DIAG  + 0. 70  DIG  + 0. 67  PP  + 1.  69  ALI  + 3. 70  TANAL 
+ 0.  06  QFIR/MRJQ 

2. 4. 1. 6 Conolusions/Recommondations 

The  regression  equations  developed  in  the  previous  seotion  show  high  correlation 
with  the  sample  data,  however,  they  are  not  recommended  for  use  as  maintainability 
parameter  predictors.  There  are  two  major  reasons  that  this  recommendation  Is 
made. 


K 
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First,  the  regression  models  showed  little  sensitivity  to  the  obviously  dominant 
maintainability  characteristics  related  to  that  model.  For  example,  the  model 
established  for  fault  isolation  time  (MTTRjg0)  was  very  insensitive  to  changes  in  the 
percentage  of  automatic  fault  isolation  (KA).  Fault  isolation  automatlcity  is  definitely 
a factor  in  fault  isolation  time  but  the  regression  equation  indicates  only  a small 
reduction  in  time  with  100%  automatic  fault  isolation  (bb  compared  with  zero  automatic 
isolation). 

Second,  as  in  all  regression  type  analysis,  the  resulting  models  are  only  as  valid 
as  the  data  base  from  which  the  models  were  developed.  Additionally,  the  models  are 
only  valid  for  application  to  systems  with  characteristics  similar  to  the  data  base 
systems.  Assuming  there  were  no  errors  in  data  collection,  data  interpretation,  or 
data  entering,  use  of  the  developed  models  should  be  restricted  to  systems  approxi- 
mating the  data  base  systems. 

2.4.2  Simplified  Version  of  the  Detailed  Prediction  Model 
2,  4, 2. 1 Prediction  Model  Basis 

The  detailed  prediction  model  developed  in  section  2. 3.2  doeB  not  enable  MTTR 
prodiotlons  to  be  easily  made  early  in  the  design  phase  of  a program.  This  section 
involves  the  development  of  a prediction  model,  similar  to  the  detailed  model,  that 
can  be  Incorporated  without  the  extensive  data  required  for  the  previous  method. 

For  an  early  prediction  it  ts  assumed  that  the  following  data  is  available,  at 
least  In  preliminary  formi 

1.  A configuration  index  from  which  a definition  of  the  primary  replaceable 
items  oan  be  derived 

2.  The  failure  rate  of  each  of  the  primary  replaceable  items 

3.  The  overall  fault  isolation  concept  (1.  e,  fault  Isolation  to  a single  RI  or 
group  of  RIs) 

4.  The  replacement  concept  when  fault  isolation  is  to  a group  of  RIs. 

(i.e.  group  or  iterative  replacement) 

5.  The  basic  packaging  philosophy  including  preliminary  acoeso  and  interchange 
characteristics  of  each  RI 

6.  The  primary  fault  isolation  technique  to  be  implemented  for  each  primary  RI 

7.  The  fault  isolation  resolution  whioh  is  defined  in  one  of  two  wayst 
a)  average  RI  group  size 


b)  Xi  % Isolation  to  a single  RI 
X2  % isolation  to  >1RI,  iN’i  RIs 
X3  % isolation  to  >NiRIs,  SNj  RIs 
where 

xx  +x2  + x3  - 100% 

2. 4. 2. 2 Early  Prediction  Model  Development 

The  prediction  model  developed  in  this  section  is  based  on  the  generalized 
version  of  the  detailed  model.  That  isi 


MTTR  - Tp  + Tf]  + TaR  * f „ + T,  * T„  + Ta  * T0  + Tst 


or 


9 

MTTR « 

m “1 


where 

Tm  - average  time  of  the  m4*1  element 

m ■ the  elemental  maintenance  tasks 

(P,  FI,  SR,  D,  I,  R,  A,  C,  ST)  as  defined  in  Table  4. 

The  detailed  prediction  model  assesses  MTTR  by  defining  ail  possible  unique 
maintenance  notions,  determining  the  frequency  of  each  occurring  (1.  e.  failure  rate), 
determining  the  time  to  accomplish  each  task,  and  computing  a failure  rate  weighted 
average  to  determine  MTTR.  The  early  prediction  model  developed  herein  Is  a 
simplified  version  of  this  technique.  It  defines  the  major  ways  in  whioh  elemental 
maintenance  tasks  are  performed,  assigns  failure  rates  and  times  to  each  of  the 
different  elemental  task  types,  determines  a failure  rate  weighted  average  for  each 
maintenance  element,  and  finds  the  MTTR  by  adding  the  average  times  of  each 
element. 

2. 4. 2. 3 Submodels  for  Elemental  Maintenance  Activities 

Two  methods  are  available  for  determining  the  time  associated  with  each 
maintenance  element. 

The  first  method  is  summarized  by  the  following  model) 


& K"T- 

N 

£ xn 

n»J. 
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where 

N “ the  quantity  of  primary  Ills 

\ = the  failure  rate  of  the  n^1  RI 

n . 

Tmn  “ ^ synthesized  time  for  the  m**1  elemental  task  of  the  n"1  RI 

This  model  assumes  that  Tmn  Is  available  for  eaoh  maintenance  element  of  eaoh 
RI.  If  this  were  true  for  all  elements)  the  detailed  prediction  model  oould  possibly  be 
used.  For  those  maintenance  elements  where  this  is  not  true,  the  seoond  method 
determines  an  average  value  for  the  elemental  times  by  using  the  following  model) 


2 Xmv 
V»1 


■ the  number  of  major  unique  methods  of  performing  the  m^1  elemental 
task. 

fU 

- the  failure  rate  associated  with  the  set  of  faults  Involving  the  v method 
th 

of  performing  the  m elemental  task. 

4,1.  4L 

■ the  time  required  to  perform  the  m elemental  task  using  the  v“ 
method. 

The  number  of  ways  of  performing  each  of  the  maintenance  elements  (1.  e.  Vm) 
should  be  kept  at  a minimum  consistent  with  the  system  being  evaluated  and  the  data 
available.  For  example,  the  ways  of  performing  fault  isolation  on  a display  console 
might  be  test  pattern  interpretation  for  the  majority  of  display  cirouitry,  maintenance 
panel  readings  for  power  supplies,  computer  controlled  loop  testing  for  I/O  olrouits, 
and  manual  isolation  of  miscellaneous  oablnet  electronics.  A time  would  be 
assigned  to  each  of  these  methods  of  fault  isolation,  and  an  average  fault  isolation 
time  would  be  computed  based  on  the  estimated  failure  rate  of  the  cirouitry  asso- 
ciated with  eaoh  method,  A similar  procedure  would  be  followed  for  eaoh  mainte- 
nance element  and  the  MTTR  computed  by  adding  all  the  element  times. 


m 


wherei 
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The  Tm  computed  in  the  above  models  is  only  good  for  the  most  general  case, 
where  fault  isolation  is  to  a single  RL  The  following  sub-sectionB  present  how  the 
computation  for  each  elemental  times  should  be  modified  for  the  different  mainte- 
nance concepts  and  repair  policies  that  exists 

2. 4. 2. 3. 1 Computation  of  Tp,  and  YgT 

Preparation  time  (Tp)  and  start-up  time  (TgT)  are  not  normally  affected  by  the 
maintenance  conoepts  and  policies  under  consideration.  Also,  these  times  are 
typically  Independent  of  the  failure  mode,  and  weighting  by  failure  rate  la  not 
required  for  these  elemental  tasks.  However,  if  the  Information  necessary  to 
determine  Tp,  or  TgT  using  a failure  rate  weighting  model  is  available  at  the  time 
of  the  predlotlon  then  the  appropriate  submodels  should  be  used  slnoe  they  will  result 
in  more  accurate  estimates. 

2. 4. 2. 3. 2 Computation  of  Ypj 

Fault  isolation  is  typically  performed  differently  for  different  equipments  or 
funotions  and  the  time  associated  with  eaoh  fault  isolation  time  is  also  different, 

Fault  isolation  time,  as  defined  for  the  early  model,  is  independent  of  the  repair 
policy  therefore,  the  average  fault  Isolation  time  can  be  computed  using  one  of 
the  two  models  presented  in  section  2.4. 2.3.  During  the  preliminary  design  phases 
the  second  method  for  determining  Tpi  would  normally  be  used  and  the  model  for 
Tpj  would  be  i 


FI 

2 

v*=l 


VFI 

2 

V*1 


where 

Vpj  = number  of  unique  fault  isolation  methods 

th 

KFj  « failure  rate  of  the  set  of  RIs  involving  the  v FI  method 

a. 

T„,  * time  required  to  perform  the  v FI  method. 
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2.4. 2. 3. 3 Computation  of  Tfc<  = + Tj  + TR 

The  fault  correction  time  Is  the  sum  of  the  disassembly,  Interchange,  and 
reassembly  times.  These  times  were  lumped  together  since  the  various  maintenance 
concepts  affected  these  elemental  tasks  equally.  The  computation  of  the  fault  cor- 
rection time  is  dependent  upon  the  following! 

1.  fault  isolation  ooncept  (i.o.  isolation  to  a single  R1  or  group  of  RIs) 

2.  replacement  concept  (l.e,  group  or  iterative  replacement) 

3.  acoess  (i.e.  single  or  multiple  access) 

4.  packaging  (i.e.  reassembly  required  or  not  required  for  checkout) 

The  form  of  the  model  for  Tj,c  is  greatly  affeeted  by  the  above  concepts. 

Figure  5 illustrate*  the  different  combinations  of  concepts  that  oan  occur. 

The  following  subsections  develop  the  models  for  eaoh  particular  case  of 
figure  5. 

2. 4. 2.  3,  3. 1 Case  1 - Isolation  to  a Single  RI 

For  this  case  no  changes  to  the  models  presented  in  section  2.4. 2. 3 are 
necessary.  Therefore,  the  models  for  Tpc  for  this  case  are: 


2 \ <VYTR>n 


T . JCL 

4 FC  N 


- — (if  details  about  eaoh  RI  are  known) 


I 

n«l 


or 


'FC 


^ S’C  (Td  + ti  + tr\ 


r’C 


v-i 


VFC 

S’  X 

Lmt 

V»1 


— (if  only  preliminary  data  is  available) 


FC. 


2. 4. 2. 3. 3.  2 Case  2 - Isolation  to  a Group/Single  Aooess/Group  Replacement 
Since  group  replacement  is  required  for  this  case  the  average  interchange 
time  must  be  multiplied  by  the  quantity  of  RIs  in  the  isolated  group,  Since  the 
fault  isolation  groups  of  the  diagnostic  program  are  not  known  at  this  phase  of  a 


4(1 


program,  it  ia  difficult  to  determins  the  quantity  of  interchanges  required  for  eaoh 
failure.  Instead,  the  interchange  time  ia  multiplied  by  the  average  quantity  of  RIs 
(Sj-j)  per  fault  isolation  group.  This  value  is  determined  by  either  estimates  of  the 
diagnostic  capabilities  or  by  using  the  specified  requirements.  The  fault  correction 
time  is  then  computed  as  followsi 


aFC 

wheret 


td  + 80TI  + tr 


Sq  ■ average  fault  isolation  group  site  (see  section  2, 4. 2. 3. 3. 2. 1) 

T_,  T , T , are  determined  using  the  models  presented  in  2.4. 2.3  and 
D 1 It 

repeated  here. 


N 


m_ 


m 


N 

£ 

twi 

where  m D,  I,  R 


(If  details  of  eaoh  HI  are  known) 


or 

Vm 

2 Kmv  Tmv 

T ■ ^ (if  only  preliminary  data  ie  available) 

2 

wl 

2. 4. 2.  3. 3. 2. 1 Definition  of  8 

When  the  maintenance  philosophy  Is  fault  Isolation  to  a group  of  Rts  the  technician 
has  two  options.  Depending  on  the  replacement  concept  the  RIs  can  be  replaoed  ns  a 
group  or  one  by  one  until  the  fault  Is  corrsoted.  In  order  to  account  for  the  additional 
time  required  to  replace  more  than  one  RI  the  average  replacement  times  are  multi- 
plied by  9.  9 is  defined  two  wayei 

■ when  a suspected  group  of  RIs  are  replaoed  all  at  once,  this  value  of  S 
is  defined  as  the  average  number  of  RIs  that  appear  in  a fault  isolation 
result. 
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I 


I 


l 


K 


8,  ■ when  a suspected  group  of  Rls  are  replaced  one  by  one  until  the  fault 
la  corrected,  the  value  of  1 is  defined  as  the  average  number  iterations 
required  to  correct  a fault,  also  known  as  the  fault  Isolation  resolution. 
The  methodology  for  computing  S (1  or  0)  is  presented  in  section  5. 2, 5. 1. 
2, 4. 2. 3. 3,  3 Case  3 - Isolation  to  a Group  of  RIs/Single  Aooess/Iterative  Replace- 
ment/Reassembly  Not  Required  for  Cheekout 

For  this  case  Rls  are  replaced  one  by  one  with  checkout  performed  after  each 
replacement  until  the  fault  is  oorreoted.  Assuming  that  the  average  number  of 
iterations  required  for  fault  correction  ls¥j  then,  the  form  of  the  fault  correction 
time  model  isi 

*FC  "^D  + <¥I>  V^R 

where  Sj  is  the  average  number  of  iterations  required  to  oorreot  a fault  and  tD* 

Tj,  and  "TR  are  oomputed  as  in  seotion  2. 4, 2. 3. 

2. 4. 2, 3. 3. 4 Case  4 - Isolation  to  a Group  of  RIs/Qlngle  Aooess/Iterative 
Replaoemont/KeuBsembly  Required  for  Checkout 

For  this  case  reassembly  ie  required  for  oheokout  after  each  replacement. 
Therefore  the  average  disassembly  and  reassembly  time  (ae  well  as  the  interchange 
time)  must  be  multiplied  by  the  number  of  iterations  required  for  fault  oorreotion 
(as  in  2, 4, 2, 3, 3. 3,  Sj). 

Therefore  i 

tfc  “ *1  <*0  + V *r) 


2, 4. 2.  3. 3.  B Case  S - Isolation  to  a Group  of  RIs/Multlple  Aooess/Qroup 
Replacement 

This  oase  is  similar  to  case  2 but  the  Isolated  Rls  are  not  necessarily  located 
In  the  same  unit.  Therefore,  the  disassembly  and  reassembly  time  must  be 
adjusted  to  account  for  more  than  one  access  required.  The  form  of  the  model  in 
this  case  lsi 


FC 


T„ 


SGTI 


+ T. 


R 


Tq  and  are  the  adjusted  disassembly  and  reassembly  times  that  account 
for  multiple  aocesa.  Thin  is  approximately  equal  to  the  average  disassembly  or 
reassembly  time  multiplied  by  the  average  number  of  accesses  required  per  fault 
Isolation  in  group.  The  details  on  how  Tp  and  Tjj  are  computed  is  developed  in 
2s  4*  2 • 3<>  3*  5*  Is 
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2. 4. 2. 3.  3.  S.  1 Development  of  Model*  for  T ' and  tJ 

_ U xi 

The  computation  of  and  are  baaed  on  the  following  assumptions: 

• the  maintenance  concept  is  fault  isolation  to  a group  of  RIb  and  group 
replacement  with  multiple  acosss 

• the  RIs  can  be  grouped  into  "G"  HI  seta  with  an  estimated  ? (average 
number  of  RIa  in  a fault  isolation  result)  for  each  set  as  is  done  in 
section  5. 2. 5. 1 

With  the  above  assumptions  the  disassembly  and  reassembly  time  oan  be 
computed  ac  follows) 


. JSk 


I XBTD/R„ 


or 


D/R  G 

g-1 


2 

% L 

2 H 

ri 


T. 


R 


2 x*\ 

-f1 5 


g-1 


where  the  total  expected  disassembly  or  reasrembly  time  for  the  g Ri  set  can  be 
computed  byi 

AB  Ag  Ag 

V,  ■ 2 V V V 2 p«.  2 v V 
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wherei 


Ag  ■ the  total  number  of  unique  accesses  contained  In  the  g**1  El  set 

Tq  c the  estimated  time  required  to  disassemble  the  a**1  access 
ga 

T„  - the  estimated  time  required  to  reaBBemhle  the  access 

ga 

Pga  » the  probability  that  an  RI  from  assembly  "a"  will  be  contained  in  the 
fault  isolation  oall  out 

The  above  equation  can  be  modified  to  determine  the  average  number  of 
accesses  required  per  fault  isolation  results 

A. 

\ ■ I -* 

a«l 

where  Xjj  ■ the  average  number  of  accesses  required  per  fault  laolatlon  result 
for  the  gth  HI  set, 

From  the  assumptions  stated  previously. 


wherei 

pjL  ■ the  probability  of  accessing  the  *tl1  assembly  of  the  g*  RI  set, 

th  th 

X ■ the  failure  rate  of  RIa  in  the  g RI  set  with  the  a type  assembly 

Xg  ■ the  failure  rate  of  RIs  located  in  the  RI  set 

Also,  the  probability  that  an  RI  is  not  located  In  assembly  "a" 


The  above  prr  ^abilities  are  valid  fori  1)  when  only  one  RI  appears  in  the  fault 
isolation  callout,  or  2)  the  first  RI  In  a fault  isolation  callout  containing  more  than 
one  RI.  For  a system  where  the  average  number  of  RIs  in  a fault  isolation  callout 


1b  S . the  probability  that  the  S ^ RI  (l.e.  the  laat  Rl  in  fault  isolation  callout)  will  be 
O fh  ° _ 

in  the  a access,  given  that  the  first  - 1 RIs  in  the  fault  isolation  callout  are  not  In 
the  ath  aocesB  is: 


«H-  and 


K m (8-1)  X„„ 

g ' g gn 


V . W’y-y 

v w>v 


where  v.„  B Xwo/N„ 

ga  ga  ga 

and  N « the  number  of  RIs  in  the  assembly  of  the  g^1  RI  set 

gtt 

Hence  the  probability  that  none  of  the  RIs  called  out  by  the  fault  isolation  result 
will  be  in  the  assembly  is: 

*&  X„  - (s-1)  Xtfn  - A„„ 


a ft  he. 
fll  g-^>“ 


gJl  g gu 

and  the  probability  that  at  least  one  RI  called  out  by  the  fault  isolation  program  Is  In 
assembly  is : 

P ■ 1 - Q 
ga  Mga 

Note,  that  If  Ng  (1.  e. , quantity  of  RIs  in  the  g set)  1b  large  compared  to  B0,  then 
the  equation  for  Qgu  reduces  to 

v * n 

BC1  ' 8 ' B 

/ ^ 8 
/Xcr“X_u\  S 


therefore: 


P - iJhllss)  g 
ga  ' / 

Substituting  Pga  Into  the  first  two  equations  presented  for  results  in 

8 


J[Tv  + Tv] 


and  which  can  be  broken  up  into 


2. 4. 2. 3.  3. 6 Case  6 — Isolation  to  a Oroup  of  RIs/Multiple  Aoeoss/Itevatlve 
Replacement/Reassembly  not  Required  for  Cheokout 

This  case  is  very  similar  to  the  previous  case.  Since  reassembly  is  not 

required  for  oheckout  it  is  uncertain  how  many  different  disassembly  and  reassembly 

times  will  exist.  The  average  disassembly  and  reassembly  times  must  be  multiplied 

X i 

by  the  average  number  of  accesses  that  will  occur  for  this  case  ( — g — , the  average 
of  the  maximum  and  the  minimum  number  of  unique  accesses).  The  interchange 
time  must  also  be  multiplied  by  the  average  number  of  Iterations  required  to  oorreot 
u fault  (ffj).  The  resultant  model  la 

■ H1  ft>  + tb)  + *.  ft) 

wheret 

A « the  average  number  of  unique  aooesses  per  fault  isolation  result. 

(determined  per  section  2.4. 2. 3.3.5. 1) 

th 

Td.  Tr,  Tj  the  average  time  required  to  perform  those  m elemental  tasks. 

(determined  per  seotion  2. 4. 2. 3) 

2. 4. 2.3,  3.7  Case  7 - Isolation  to  a Group  of  RIs/Multiple  Aocess/Iterative 
Replacement/Reassembly  Required  for  Cheokout 

This  case  involves  a disassembly  and  roassembly  time  for  eaoh  interchange. 
Therefore,  the  fault  correction  time  is 


where: 

Tjjt  tji  'l’R  are  the  average  times  computed  for  each  elemental  task  by  the 
equations  of  2.  4.  2.  3 
2, 4, 2. 3. 4 Computation  of 

The  average  alignment  time  is  determined  by  using  the  second  model  of  2,4. 2.3. 
The  different  types  of  alignment  are  Identified  and  the  failure  rate  associated  with 
ouch  type  te  estimated.  Note  that  the  average  alignment  time  (TA)  Is  taken  over  the 
total  system  failure  rate  and  not  over  just  the  failure  rate  requiring  alignment. 

The  resulting  model  is: 


¥ 


A 


I 

<=  V~1 
VA 

I 


v=l 


where: 

V \ ~ ihe  number  of  different  alignment  methods  (including  the  case  of  no 

ullgnment  required) 

\ ~ failure  rate  associated  with  the  set  of  RIb  requiring  vth  alignment 

method 

T*A  B oBtimated  time  for  the  v alignment  method, 
v 

2. 4. 2.  3, 6 Computation  of  Tc 

The  computation  of  the  average  check-out  time  <TC>  1b  dependent  upon  the 
replacement  conoept. 

For  group  replacement  only  one  check-out  would  be  required.  Thus  the  models 
presented  in  section  2.  4,  2,  3 would  be  directly  applicable: 

N 

2 XnTC 

T « JL 

N (If  information  is  available  for  eaoh  III) 

V X- 

o-i  n 
n=l 
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t 


or 


2 v.Tc 


v=l 


V V 


lC 


(if  only  preliminary  data  1b  available) 


2 v 


v»l 

For  Iterative  replacement  there  Is  one  check-out  for  eaoh  Interchange.  Since 
the  average  number  of  Interchanges  Is  (Sj)i 

fC  c 

where  Tc  is  computed  like  It  was  for  group  replacement. 

2. 4. 2.  3. 6 Computation  of  TgR 

The  model  for  the  spare  retrieval  time  Is  dependent  upon  the  spare  re- 
trieval philosophy.  Figure  6 depicts  the  breakdown  of  the  various  ooncepts 
that  can  occur. 

The  resulting  spare  retrieval  submodels  for  caaes  SR-1,  SR-2,  and  3R-3 

are: 
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2>. 


SR_ 


Tfln  “ 


n>=l 


kSR  N 

n=l 


2‘. 


or 


3R 


2 XSR  tsr„ 


v»l 


SR  V, 


SR 


2 

v*=l 


(If  Information  1b  available  for  eaoh  Rl) 


(if  only  preliminary  data  is  available) 
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The  model  of  case  SR-4  la: 


where  YgR  ie  computed  as  in  model  1. 

2. 4. 2. 4 Computation  of  MTTR 

Once  the  average  time  for  each  element  has  been  computed,  the  final  step  ie 
Just  a eimple  summation. 

M 

MTTR  - £ Tm 
m-1 

th 

where  Tm  - average  time  for  the  m element  of  MTTR  (preparation,  fault 
Isolation  . . . ) 

2. 4. 8. 5 Summary  of  the  Early  Prediction  Submodels 

Table  IS  summarlzea  the  early  prediction  models  developed  In  this  section, 

Tho  appropriate  models  to  be  used  can  be  easily  determined  by  selecting  the  applic- 
able maintenance  philosophy.  The  resulting  MTTR  Is  found  by  summing  the  average 
times  computed  for  each  elemental  activity. 

MTTH  - Tp  ♦ Yn  ♦ T5B  ♦ T„  * T,  + Ta  + Y0  ♦ T8t 

Definition  of  the  terms  that  appear  in  each  sub-model  can  be  found  In 
Table  17.  Other  parameters  that  are  necessary  to  compute  the  average  times 
for  eaoh  elemental  maintenance  activity  are  the  average  number  of  RIs  In  a fault 
Isolation  result  (Sq),  the  average  number  of  RI  interchanges  required  to  correct  a 
fault  (jTj),  and  the  average  number  of  unique  aooeeeee  required  per  fault  isolation 
result  (A).  Methods  for  computing  these  parameters  are  presented  In  the  early 
prediction  procedure  (section  S.  2. 5). 
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TABLE  18.  APPLICABLE  PHEDETKW  MODELS  POP  THE  VAHIOU8 


TABLE  17.  DEFINITION  OF  EARLY  PREDICTION  MODEL  TERMS 


- time  required  to  prepare  a system  for  fault  isolation  using  the  method 

- time  required  to  isolate  a fault  using  the  Vth  method 

th 

- time  required  to  obtain  a spare  using  the  v method 

th 

- time  required  to  perform  disassembly  using  the  v method 

th 

- time  required  to  perform  reassembly  using  the  v method 

it. 

- time  required  to  Interchange  an  RI  using  the  v method 

th 

- time  required  to  align  or  calibrate  an  RI  using  the  v method 

th 

- time  required  to  check  a repair  using  the  v method 

- time  required  to  start  up  a system  using  the  vth  method 

- failure  rate  of  RIs  associated  with  the  Vth  method  of  performing  preparation 

th 

- failure  rate  of  RIs  associated  with  the  v method  of  performing  fault 
isolation 

- falluro  rate  of  RIs  associated  with  the  v^1  method  of  performing  spare 
retrieval 

- failure  rate  of  Rio  associated  with  the  method  of  performing  disassembly 

- failure  rate  of  RIs  associated  with  the  v**1  method  of  performing  reassembly 

- failure  rate  of  RIs  associated  with  the  method  of  performing  interchange 

- failure  rate  of  RIs  associated  with  the  v®1  method  of  performing  alignment 

th 

- failure  rate  of  RIs  associated  with  the  Vs”  method  of  performing  checkout 

- failure  rate  of  RIs  associated  with  the  method  of  performing  start-up 

- the  number  of  unique  ways  to  perform  preparation 

- the  number  of  unique  wayB  to  perform  fault  isolation 
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TABLE  17.  DEFINITION  OF  EARLY  PREDICTION  MODEL  TERMS  <Con*b 

VSIt 

- the  number  of  unique  ways  to  perform  spare  retrieval 

VL> 

- the  number  of  unique  ways  to  perform  disassembly  i 

! VR 

- the  number  of  unique  ways  to  perform  reassembly 

t 

i 

vi 

- the  number  of  unique  ways  to  perform  interchange 

! 

VA 

| 

- the  number  of  unique  ways  to  perform  alignment  ! 

1 

i • ; vc 

1 

- the  number  of  unique  ways  to  perform  check-out  ! 

i 

j 

V-_ 

ST 

- the  number  of  unique  ways  to  perform  start-up 

SQ 

- the  average  number  of  RIb  contained  in  a fault  isolation  result 

i 

Si 

1 

- the  average  number  of  interchanges  required  to  correct  a fault 

A 

- the  number  of  unique  acoesses  (A  s VD  or  VR) 

i. 

A 

- the  average  number  of  unique  acoeBses  required  per  fault  isolation  result 

r 

I 

- the  failure  rate  of  the  RIs  that  require  the  a411  type  of  aooess 

i 

i 

- the  total  system  failure  rate 

i 

i 

T». 

••  the  time  required  to  disassemble  the  ath  aooess 

i 

i 

1 

t 

1 

\ 

- the  time  required  to  reassemble  the  a4*1  access 

. 1 

2.5  PREDICTION  OF  MAXIMUM  REPAIR  TIME 
2,5.1  Dismission  of  Mmax  (<t>) 

Specification  of  maximum  repair  time  (In  addition  to  a specified  mean)  la  a 
common  practice.  Since  repair  time  distributions  are  typically  lognormal,  exponential, 
or  normal  (refer  to  figure  7),  the  distribution  has  a "tall"  whtoh  asymptotically 
approaches  zero.  Therefore,  repair  time  maxlmums  cannot  be  specified  as  an  abso- 
lute value  but  rather  must  be  specified  as  a percentile  of  the  total  distribution  (l.e., 

80,  80,  95,  98%).  The  selected  percentile  represents  that  percentage  of  repairs  that 
can  be  performed  In  a time  equal  to  or  lssa  than  the  specified  value  and  Is  equal  to  the 
shaded  area  uhder  the  ourve  shown  In  figure  8. 

The  maximum  repair  time  Is  typically  denoted  by  Mmax,  MmaXct,  MTTRmax  or 
Max  TTR.  For  this  report,  the  maximum  will  be  denoted  as  Mmwt  (*)  where  <x>  Is  the 
associated  percentile. 

The  oonoept  of  Mmax  (<t>)  Is  straight  forward  but  an  accurate  quantitative  predic- 
tion of  Its  value  is  not  easily  obtained,  Several  methodologies  have  been  developed 
but  each  has  draw-backs  and  lnaocuraoles . Two  of  the  more  oommon  methods  are 
MIL-HDBK-472  Procedure  1,  and  MIL-HDBK-472  Procedure  3.  Procedure  1 results 
In  a cumulative  distribution  function  which  oan  be  used  to  predict  any  derived 
percentile.  The  cumulative  distribution  is  derlvod  by  combining  the  time  distribu- 
tions of  the  Individual  tasks  which  make  up  the  repair  actions , The  method  is  based 
entirely  on  task  definition  and  individual  task  time  distributions  derived  from  historical 
data  from  a system(s)  with  similar  maintenance  characteristics.  This  data  Is  expen- 
sive to  develop  and  not  normally  available. 

Procedure  3 predicts  Mmax  (<j>)  based  on  the  Mmax  (4>)  equation  from  MIL-STD- 
471  Test  Method  2 (MXL-STD-471A,  Tost  Method  B).  This  procedure  assumes  that 
repair  times  follow  a lognormal  distribution  and  uses  a fixed  sample  of  repair  taskB 
to  evaluate  M,nftx  (4) . This  method  la  adequate  for  demonstration  purposes  since  It 
is  based  on  a random  sample  of  repair  aotlons  (approximately  failure  rate  weighted) 
and  a random  occurrence  of  each  repair  action  in  that  sample.  As  a prediction  meth- 
odology It  Is  less  accurate  since  It  eliminates  the  randomness  of  the  time  associated 
with  each  trial  and  reaultB  In  a prediction  of  Mmax  («)  based  on  a distribution  of  means 
rather  than  on  an  entire  distribution  of  repair  times , 

As  an  example,  consider  a simple  unit  with  3 different  maintenance  actions  (l.e. 
repair  types) . Further  assume  that  the  5 repair  types  have  an  equal  frequency  of 
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THE  LOQ  NORMAL  DISTRIBUTION  APPLIES  TO  MOST  MAIN. 
TENANCE  TASKS  AND  REPAIR  ACTIONS  COMPRISED  OP  SEV. 
ERAL  SUISIDIARV  TASKS  OP  UNEQUAL  FREQUENCY  AND  TIME 
DURATION.  EXPERIENCE  HAS  SHOWN  THAT  IN  ALMOST  ALL 
CASES  THE  DISTRIBUTION  OP  MAINTENANCE  TIME  FOR  COM> 
PLEX  EQUIPMENT  AND  SYSTEMS  IS  LOO  NORMAL. 


REPAIR  TIME 


THE  NORMAL  DISTRIBUTION  APPLIES  TO  THE  RELATIVELY 
ITRAIOHTFORWARD  MAINTENANCE  TASKS  AND  REPAIR  ACTIONS 
(V.O.,  SIMPLE  REMOVAL  AND  REPLACEMENT  TASKS)  WHICH 
CONSISTENTLY  ARE  COMPLETED  WITH  VERV  LITTLE  VARIATION. 


REPAIR  TIME 


THE  EXPONENTIAL  DISTRIBUTION  APPLIES  TO  MAINTENANCE 
TASKS  INVOLVINQ  PART  SUBBTITUTION  METHODS  OF  FAILURE 
ISOLATION  IN  LAM*  SYSTEMS,  IN  SOME  RESPECTS,  A SPECIAL 
CASE  OF  THE  LOQ -NORMAL  DISTRIBUTION. 


REPAIR  TIME 


Figure  7.  Typical  Repair  Time  Distribution 


• ■ PERCENTAGE  OF  AREA 
UNDER  THE  CURVE 
WHICH  IS  SHADEO 


385 

ass  ° 


MmaX  w 


TIMC-TOpREPAIR 


Figure  8.  Mmax  (4>)  for  a Log  Normal  Distribution 


occurrence  (l.e.,  equal  failure  rates).  The  time  associated  with  each  of  these  repair 
types  and  their  associated  maintenance  elements  (l.e.,  preparation,  fault  Isolation, 
disaseemblyi  etc.)  has  some  variability  associated  with  It.  Assume  the  distribution 
of  times  for  eaoh  of  the  five  repair  types  Is  os  shown  In  figure  9.  These  distribu- 
tions are  derived  by  combining  the  time  distribution  associated  with  eaoh  of  the 
Individual  maintenance  elements.  Figure  9 Indicates  the  assumed  element  time 
distribution  for  repair  type  4.  Typtoally,  the  distribution  for  the  9 basic  maintenance 
elements  will  be  at  Indicated  In  Table  18.  As  noted  In  the  tablet  the  major  oauees  of 
variance  In  the  Individual  distribution  are  teohntotan/operator  oriented  (e.g.,  skill, 
dexterity,  motivation). 


Table  18.  Typloal  Distribution  of  Times  Associated  with 
the  Nine  Baslo  Maintenance  Elements 


Maintenance 

Element 

Typloal  Distribution 

Variance  Faotors* 

Preparation 

Normal 

Test  squlpment  retrieval  and  warm-up 
time,  technician  skill. 

Fault  Isolation 

Normal 

(automatic  Isolation) 

Technician  Interpretation  and  under- 
standing of  resulti... 

Lognormal 
(manual  isolation) 

Teohniolan  skill  and  luck. 

Spare  Retrieval 

Normal 

Location  of  spares 

Disassembly 

Normal 

Teohniolan  skill  and  dexterity. 

Interchange 

Normal 

Teohniolan  skill  and  dexterity. 

Reassembly 

Normal 

Teohniolan  skill  and  dexterity. 

Alignment 

Lognormal 

Amount  of  alignment  required,  technician 
skill  and  dexterity. 

Check-out 

Normal 

(automatic) 

Teohniolan  review  of  results. 

Lognormal 
(manual  Isolation) 

Teohniolan  skill 

Start  Up 

Normal 

Equipment  warm  up,  operator  skill. 

♦The  listed  faotors  all  Include  technician  motivation. 
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In  the  example,  the  mean  (t*K)  for  each  repair  type  Ib  found  by  adding  the  mean 

times  of  each  element  (l.e.  tp,  tpi,  tgR,  etc).  The  MTTR  (jl)  Is  found  by  computing 

\ 

the  failure  rate  weighted  average  of  the  means  of  the  5 repair  types . To  find  Mmax  (®), 

the  distributions  must  be  combined  and  the  desired  Mmax  (4)  taken  from  this 

derived  distribution,  The  procedure  of  "oreatlng"  a distribution  of  the  repair  type 

means  and  finding  the  MmftX  (<j>)  of  that  distribution  Is  obviously  not  the  Bame  as  the 

Mmax  (♦)  the  derived  true  distribution  (refer  to  Figure  9),  As  Indicated  In  the 

example,  the  Mmax  (95)  assumed  log  normal  distribution  based  on  the  predicted  means 

and  variance,  as  derived  using  Ihe  equation  of  MIL-HDBK-472  Procedure  3,  Is  muoh 

lesB  than  the  true  Mmftx  (95)  derived  from  the  true  oomblned  distribution,  This  Is  the 

expected  result  and  this  method  will  always  result  In  an  optimistic  prediction  of 

M ' (®). 
max  v ' 

2.5.2  Predlotlon  of  Mmax  (4>) 

Depending  on  the  dealrod  accuracy,  two  methods  of  predicting  Mmax  (<t>)  have 
been  derived  and  proposed  herein,  The  first  method  provides  an  approximation  of 
Mmax  (♦)  to  136  UBed  when  the  overall  repair  time  distribution  can  be  assumed  to  be 
lognormal,  and  the  variance  can  be  estimated  from  previous  experience.  The  Becond 
method  provides  a more  detailed  methodology. 

2. 5. 2,1  Approximation  of  Mmax  (*) 

An  upproxlmutlon  of  Mmax  (®)  can  bo  easily  obtained,  given  that  the  overall 
repair  time  distribution  Is  lognormally  distributed,  by  using  the  following  equation! 


M, 


max 

where 

MTTR 

1 


m -xsm 


•Ji*  i 


the  predicted  meun  time  to  repair 

the  coefficient  of  variation,  either  based  on  sample  data,  or  historical 
data  on  similar  systems.  The  coefficient  of  variation  Is  defined  aB 
d T/MTTR  where  ffT  ls  t*ie  sturic*urd  deviation  of  the  repair  lime 
distribution. 

value  obtained  from  the  standard  normal  distribution  tables  corres- 
ponding lo  the  desired  percentile  Cl>)  A partial  list  Is  provided  below. 


Percentile  (ft) 


80%  0.84 

85%  1.03 

90%  1.28 

95%  1.64 

99%  2.33 

The  above  equation  for  predicting  («f»>  la  derived  in  Appendix  B. 

As  a further  approximation,  to  be  used  for  order  of  magnitude  computations, 
Appendix  0 provides  a ready  compilation  of  Mmax  (ft)  for  given  values  of  MTTR  and 
standard  deviation.  Mmax  (ft)  values  are  provided  for  combinations  of  MTTR  values 
from  .1  to  2.6  hours,  lognrrmal  repair  time  distribution  standard  deviations  (sigma) 
of  .1  to  2.5  hours,  and  percentiles  (ft)  of  00,  70,  80  , 90,  95  and  99. 

2. 5. 2. 1.1  Coefficient  of  Variation 

The  coefficient  of  variation  <ri ) may  not  be  known  during  the  prediction  stages  of 
a given  program.  In  this  aase  r|  should  be  approximated  based  on  previous  experience 
on  similar  systems.  If  applicable  experience  Is  not  available,  the  data  provided  In 
table  19  can  be  used.  The  data  represents  actual  maintainability  demonstration 
results  from  14  formal  testa  conducted  on  modern  systems/equipments.  An 

Table  19.  Coefficient  of  Variation  (n)  from  14 
Formal  Maintainability  Demonstration  Tests 


Equipment/System  Type 
Data  Processing  System 
Sonar  Receiver 
Display  Equipment 
Communications 
Communications 
Electronic  Warfare 
Mobile  Radar 
Signal  Processing 


Test 

Sample 

Slse 

Demonstrated 

MTTR  <rT/MTTR 

70 

9.93 

0.69 

33 

15.93 

1.57 

51 

7.77 

1.63 

50 

10.14 

1.10 

40 

10.57 

O.B3 

21 

44.33 

0.53 

48 

13.40 

0.81 

50 

13.31 

0.55 
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Table  19.  Coefficient  of  Variation  (n)  from  14 
Formal  Maintainability  Demonstration  Testa  (Continued) 


Equipment/System  Type 

Test 

Sample 

Size 

Demonstrated 

MTTR  °T/MTTR 

Display  Equipment 

25 

17.33 

1.21 

Data  Processing  System 

100 

5,39 

1.31 

Signal  Processing 

00 

12.10 

0.56 

Data  Converter 

50 

3.42 

0.42 

Display 

50 

13.17 

0.50 

Display 

60 

14.24 

0.64 

Average 

688 

0.846 

Weighted  Average 

688 

0.864 

average  of  all  the  teata  ylelda  a coefficient  of  variation  of  0. 846.  A weighted  nverago 
(using  the  sample  size  aa  the  weighting  criteria)  yields  an  average  of  0.864.  Both  of 
these  averages  compare  favorably  with  a coefficient  of  variance  of  0.877  us  presented 
In  "Results  of  Eleven  Maintainability  Demonstrations"  which  was  published  In  the 
IEEE  Transactions  on  Reliability  (Vol.  R-16,  #1,  May  1067).  MIL-HDBK-472  Pro- 
cedure 3 proposes  a coefficient  of  varlanoo  of  1.07  but  this  Is  considered  of  little 
value,  based  on  the  out-dated  base  from  which  this  was  derived.  In  general  It  appearB 
that  the  coefficient  of  variance  decreases  as  the  degree  of  fault  Isolation  automntlolty 
and  degree  of  modularity  lnorease. 

2. 5. 2. 2 Detailed  Mmax  (»)  Analysis 

This  section  presents  the  basic  methodology  for  predicting  M m(U{  ($)  when  an 
accurate  representation  of  the  overall  repair  time  distribution  Is  desired.  The  meth- 
odology requires  that  a distribution  of  time  for  each  maintenance  element  (l.e.,  pre- 
paration, fault  Isolation,  eto.)  be  known  or  assumed. 

The  methodology  Is  general  and  oan  be  applied  to  any  definable  distribution  or 
combinations  there  of,  however,  the  complexity  of  computing  the  overall  distribution 
Increases  proportionately  with  the  complexity  of  the  m&Lntenance  element  distribu- 
tions, A simplifying  assumption  can  be  made  that  all  maintenance  elements  have  normally 
distributed  times.  This  simplifying  assumption  Is  reasonable  since  each  maintenance 
element  is  the  sum  of  many  Independent  task  times,  e.g.  the  maintenance  task  "prepara- 
tion" may  Include  time  for  equipment  warm-up,  acquisition  of  necessary  tools,  eto.  By 
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the  central  limit  theorem  in  statistics,  the  distribution  of  the  maintenance  element 
approaches  a normal  distribution  as  the  number  of  contributing  task  times  inoreases. 
Based  on  this  assumption  the  detailed  procedure  has  been  developed  and  a computer  pro- 
gram written  for  computing  the  desired  Mmax(<}>).  Programs  based  on  other  distributions 
of  maintenance  elements  oan  be  similarly  developed  and  programmed. 

2. 5.2. 2.1  General  Approach 

In  thu  general  approach,  we  have  a system  with  total  failure  rate  Xt»  and  with 

N x J possible  repair  types  with  random  repair  times  Rn^  n=l,  ...»  N,  J=l,  . . . , J 

where  J is  the  total  number  of  unique  fault  isolation  outputs  andN  Is  the  total  number  of 

th 

repairable  items.  Let  X^  be  the  failure  rate  of  that  portion  of  the  n repairable  Item 
which  is  covered  by  fault  isolation  output  j.  Further,  let  fR.  (t)  be  the  probability 
density  funotion  for  R^,  n=l,  ...»  N,  J“l,  . . . , J.  It  is  assumed  that  fRn;)  is  continu- 
ous and  concentrated  on  [0, »).  If  T is  the  system  repair  time,  then  its  density  funo- 
tion gT  (t)  (since  the  events  |l'  = j are  mutually  exclusive)  is: 

+ 

«T  '*>  - £ Pnl  ^ (1) 

where 


N J 

Z"E  E ' and!WXl 

n=l  J-l 

The  mean  system  repair  t#me  is 


E(T)  = /“tgT<t)dt  ^ (t)dt  = 


where 


li  = E(R  ,)  = mean  repair  time  R .,  and  the  varlanoe  of  the  system  repair 
RnJ  time  is  nJ 


4 = E(T2)-p2  = £ Pnj  f 

0 n» 


2 2 2 
= L V%  + % > " ^ T 


A'  - 


where 


= variance  of  the  repair  time  Rnj 
Values  of  Mmax  (<s)  are  given  as  solutions  to  the  equation 


T gT  <t>  dt  = 


EJ^max  <*) 

pnj  f fR«.  W dt 


lnj 


(4) 


which  are  not,  In  general,  unique.  Sufficient  conditions  for  the  exlstenoe  of  a unique 
solution  are  that  fnj  (t)  > 0 for  all  t > 0,  n=l,  ...»  N,  j =1 , . , ,,  J and  that  eaoh  fnj  (t) 
be  continuous,  conditions  easily  met  In  practloe.  Equation  (4)  oan  easily  be  solved, 
under  these  Bufflotent  conditions,  by  using  Iterative  means  on  a computer. 

2. 5. 2.  2. 2 Assuming  Normal  Densities  for  the  Rnj's 

In  practloe,  R^,  n°l,  ...,  N,  j =1,  . ..,  J are  sums  of  several  Independent  repair 
element  times  whloh  are  themselves  sums  of  a large  number  of  Independent  repair 
task  times.  An  application  of  the  oentral  limit  theorem  suggests  that  the  densities 
fR  are  approximately  normal.  Specifically,  the  density  fR^  will  be  (approximately) 

t-nR  1 2' 

1 l n.1 

2 


'h»j  <*>  ’ 


1 

\XStt  O 


R 


exp 


nj 


R. 


n) 


where 


2 

(i„  and  trD  are  the  sums  of  the  elemental  repair  time  means  and  variances, 
nj  Knj 

o 

respectively.  Presumably,  and  will  be  such  that  the  normal  density  Is, 
approximately,  concentrated  on  the  positive  real  axis,  l.e., 


nj 


J 


exp 


dt 


“R 


(5) 


'nj 


If  we  let  n(t) 


_L  f» 
/n  -J 


1 x2/2 


dx,  thou  equation  4 becomes 
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which  will  have  a unique  solution  for  all  « where  0 < « < 1 . The  advantage  here  la 
that  only  one  density  function  need  be  programmed  In  order  to  calculate  Mmax(<|>)  using 
a computer . 

2. 5. 2. 2. 3 Computer  Program 

A oomputer  program  listing  Is  provided  In  figure  10  for  performing  the  normal  case 

described  above.  A sample  input/output  for  the  program  ts  shown  In  Table  20.  The 

resulting  distribution  for  the  example  Is  shown  In  figure  11. 

The  means  and  variances  for  each  repair  element  which  makes  up  the  Individual 

o 

repair  times  R^  are  Inputed.  and  cr_  are  then  computed  and  aquation  (6)  Is 

solved  for  Mmax  (*)  for  the  given ^ using  Becant  method.  The  secant  method 
solveB  equations  of  the  form 
f(x)  «*  0 

by  forming  the  sequence  (for  n°l,  2,  . . . . ) 

xn+l  “ xn  " (xn  “ Vl>  f<xn>/<f(xn)  ’ f<Vl» 
after  ohooslng  xQ  and  x.i  as  starting  points.  The  sequence  Is  terminated  after  the 
desired  aoouraoy  Is  reached.  Several  points  concerning  the  computer  program 
deserve  discussion. 

First,  no  Integration  Is  performed  per  se  In  the  calculations  of 


Instead,  the  following  approximation  Is  used . * 


2 

=•  1-  (vT^)'1  e”1  /2  [bL  A + b?  A2  + ba  A3  + b4  A4  + bQ  A5]  + <(t) 


*Abramowltz,  M.  and  Stegun,  I.  A ed  , Handbook  of  Mathematical  Functions. 
(Washington,  D.C.;  The  Government  Printing  Office,  1972),  p,  932. 
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where 


j t (t)|  < 7.5  x 10-8  for  all  t and 

A « 1/(1  + o.  2iU6'419t)  with  the  b^'s  given  by: 
hx  - 0,319381530 
b2  «*  -0.356563782 
b3  * 1.781477937 
b4  «=  1,821255978 

b0  = 1.330274429 

Secondly)  the  user  must  provide  two  Initial  guesses  to  Mmax  (<b)  denoted  by  XO 
and  XI  In  the  computer  program . It  la  essential  that  XO  not  equal  XI  since  this  would 
cause  "zero  divides"  In  the  program.  The  best  way  to  pick  XO  and  XI  Is  to  guess  at 
an  Interval  In  which  M^x  (®)  will  lie.  Then,  seleot  XO  and  XI  as  the  endpoints  of 
that  Interval . 

Finally,  although  the  present  discussion  deals  with  double  subscripts  n and  J,  the 
distinctions  Indicated  by  these  subscripts  are  Independent  of  the  calculations  perfor- 
med. Henoe,  the  program  ubos  the  data  In  single  dimensioned  arrays  of  length  N x J. 

The  Input  data  Is  read  In  the  fol  owing  order; 

XO  (Initial  guess),  XI  (Initial  guess),  PHI  («),  LT  (Total  system  failure  rate) 

N1  (Number  of  elements  contributing  to  first  R),  LAMBDA  (1)  (Failure  rate) 

Mil,  S1G2  (mean,  varlanoe  for  first  element) 

MU,  SIG2  (mean,  variance  for  2nd  element) 

• ■ « s • a e 

• • a S * • • 

a • a a « • a 

N2  (Number  of  elements  contributing  to  second  R),  LAMBDA  (2)  (Failure  rate) 
MU,  SIG2 


.1 


The  following  condition  must  be  met: 


Lj  LAMBDA  (I)  = LT 
All  I 

Sample  Input/output,  and  program  listing  follow . 

Table  20,  Sample  Input/Output  Data  for 
Mmax  ^ Computer  Program 


Input  Data 


7.0110 

9.0D0 

4 50 

.ODO 

2.000 

.24110 

2.2DO 

.21  DO 

1 . 13  DO 

. 20D0 

2.11)0 

.1800 

2 100.0DO 

2 . 'DO 

I.0B0 

,1400 

4 SO.OJO 

I.3D0 

,1000 

1 .-IDO 

.0RD0 

1 .7D0 

.11  DO 

1 .900 

.09D0 

2 KO 

•ono 

1 .000 

.OSDO 

1 .300 

.aoDo 

. 90D0 


350,000 


Output  from  Program 


B.i? 

13.  O'? 

0.10 

8.10 

IWiJK.9001*  8,10 


The  resulting  distribution  of  the  sample  data  Is  shown  In  Figure  11. 
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Figure  10,  Listing  for  Computer  Program  to  Compute  Mwnv(t| 

When  Elemental  Maintenance  Activities  are  Normally  Distributed 
00010  IMPLICIT  REAL'8(A-in,REAL.*8(0-Z> 

00029  REAL'S  HUR.BIB2R, MU, SI02,N, LAMBDA, LT 

00030  COMMON  PHI,  LAMBDA! 1 00) ,HUR( 1 00), B:t82R< 100 > .ITOTAL 

00040  C X0,X1  APR  INITIAL  BUEBSE5  TO  MHAX(PHl).  LT  IS  TOTAL 

.0050  C FAILURE  RATE  OF  SYSTEM. 

00060  READ(3,»)  XO,X1 .PHI ,LT 

00070  C ERR-HAX  ERROR  IN  MMAX!PHI) 

00080  ERR»0.O05DO 

00090  JwO 

00100  30  J»J'I 

00110  READ!5,'',END«!0>  NN, LAMBDA! J) 

00120  LAMBDA <J)*LAHBDA(J)/LT 

00130  HUF(J)*0.t0 

00  MO  BI02R(,J>»0.D0 

00130  00  20  1*1 ,NN 

00140  C NN  IS  THE  NUMBER  OF  ELEMENTS  TO  FOLLOU. 

00170  C LAMBDA! J)  18  THE  FAILURE  RATE  OF  THE  REPLACEABLE  ITCH 

00180  C UHOBE  REPAIR  TIME  IS  HADE  UP  OF  THE  ELEMENTS  WHICH  FOLLOU. 

00190  READ! 5 1 * 3 MU, 8102 

00200  C HU  13  1HE  MEAN,  3102  IS  THE  VARIANCE  OF  EACH  ELEMENT. 

00210  NUR!J)*NUR<  Jl'Mll 

00220  20  8IG2R! J>«BIQ2R! JJ+BIB2 

00230  80  TO  30 

00290  10  IT0TAL"J-1 

00230  XN-X1 

00240  XNM1-X0 

00270  40  INI «XN-  !XN-XNM1 >*F !XN)7  <F( XN)~F( XNH 1 1 ) 

00280  URITE<6,2>  INI 

00290  C MHAXiFHl ) IS  PRINTED  AT  EACH  ITERATION. 

'0300  IF! DABS! INI -XN) .LE.ERR)  DO  TO  50 

00310  XHMI'XN 

00320  IN-XN1 

00330  0(1  TO  40 

00390  50  CONTINUE 

00330  URITE<4,I>  PHI,XNI 

00340  1 K0RMAT<1X,'MMAX!',F9.3, F7. 2) 

00370  2 F0RMAT!5X,F1O.2- 

00380  8TDP 

00390  END 

00400  FUNCTION  N!T> 

00410  IMPLICIT  REAL'S  (A-H,  N)  ,REAL'B!Q-7.) 

00420  C STANDARD  NORMAL  DISTRIBUTION  T UNCTION 

00430  C TOR  THE  METHOD,  SEE  THE  NATIONAL  BUREAU  OF  STANDARDS 

00440  C HANDBOOK  OF  MATHEMATICAL  FUNCTIONS 

00450  A'I.B0/M.DO+.23IA119ro*T> 

00440  Z* . 39B9 4228D0*DEWP ( • .500* ( r*'2J ) 

00470  N*  .31 9381 53D0  'A  - .35<Mi437B2D0  *<A'"2 1 

00480  N»N+1 .281 477937D01*!  A*'3)'1 .821253978'  (A‘"4) 

00490  N*N+1 .33027442900'!  A "3) 

00500  »«1.D0-Z*M 

00310  RETURN 

00520  END 

00530  FUNCTION  F!X) 

00540  IMPLICIT  REAL'S !A-H,L,M,N) ,REAL»B!0-Z) 

00550  COMMON  PHI,  LAMBDA!  1001  ,MUR(  100)  ,8I02R( ICO) , ITIITAL 

J0540  F«O.DO 

00370  DO  10  1*1 .ITOTAl 

00380  10  FaF+LAHBPAUP'N!  (X-MUR  !11  VSIU2R(I ) ) 

00390  F»F  PHI 

00600  RETURN  ! 

00410  END  73 
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2.0  OTHER  PREDICTION  PARAMETERS 


As  was  mentioned  previously  In  Seotlon  2,3.1  MTTR  Is  the  prediction  parameter 
most  often  specified  In  DOD  contract  requirements.  This  seotlon  presents  some 
other  prediction  parameters  that  may  require  prediction  and  the  prediction  model  for 
each.  The  prediction  procedure  la  basically  the  same  as  for  the  MTTR  predictions. 
The  prediction  parameters  oovered  here  are  MTTR  with  periodic  adjustments,  mean 
maintenance  man  hours  per  repair  (MMH/REPAIR),  mean  maintenance  man  hours  per 
maintenance  action  (mKTH/MA)  Including  false  alarm  rate,  and  mean  maintenance 
man  hours  per  operating  hour  (MMH/OH) . 

2,0,1  MTTR  with  Periodic  Adjustments 

Some  systems  are  required  to  be  operational  twenty-four  hours  a day.  Due  to 
tills  continuous  operation  any  downtime  affeots  the  availability  of  the  system  (avail- 
ability is  defined  as  UPTIME/(UPTIME  + DOWNTIME)).  One  possible  downtime  other 
than  downtime  for  corrective  maintenance  (MTTR)  associated  with  predloted  failure 
rate  Is  the  downtime  required  to  perform  necessary  perlodlo  adjustments . If  down- 
time for  perlodlo  adjustments  must  be  accounted  for,  the  following  model  can  be  used 


MTTR  * 


£ * £ **>T» 
N B 

1C  Kn  + 1C  *b 

n=l  n b-1  D 


where: 

\n  = the  failure  rate  of  the  nth  F,l 

Rn  - the  average  repair  time  for  the  nth  ri 

fb  = the  frequency  of  occurrence  of  the  bth  periodic  adjustment  (per  1 mil- 
lion hours) 

Tb  ■=  the  time  required  to  perform  the  bth  perlodlo  adjustment 

N «■  the  quantity  of  Rls 

B = the  quantity  of  Periodic  Adjustments  Required 
2,0.2  Mean  Maintenance  Man  Hours  Per  Repair  (MMH/Repalr) 

Some  contracts  require  the  determination  of  the  manning  level  required  to  perform 
corrective  maintenance.  To  satisfy  tils  requirement  the  general  form  of  the  MTTR 
equation  must  be  modified  to  predict  the  maintenance  man  hours  per  ro]»lr  Instead  of 
elapsed  time  por  repair  (MTTR).  This  can  easily  be  done  by  replacing  the  repair 
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times,  In  the  appropriate  MTTR  models  with  the  malntenanoo  man  hours  required  lor 
each  repair  action.  The  resultant  form  la; 

HSni/Rspalr  - 

n-1 


where: 

N •>  the  quantity  of  RIs 
\n  - the  failure  rate  of  the  n&  RI 

MKTRjj  - the  average  maintenance  man  hours  required  to  repair  the  nth  RI 

the  equation  for  (analogous  to  Rn)  can  be  expressed  aat 

J 

S XnJ 

Z 

J-l  “J 


where: 

J 

^n) 

MMHnj 


the  quantify  of  FDW  results 

the  failure  rate  aasoclated  with  the  Jth  result  for  the  RI 
the  maintenance  man  hours  required  to  repair  the  nth  ri  given  the 
jth  result 


2.6.3  Mean  Maintenance  Man-Hours  Per  Maintenance  Action  (MHH/MA) 

MMlft/MA  Is  the  same  as  MmH /Repair  except  that  It  inoludes  maintenance  per- 
formed as  the  result  of  system  failure  false  alarms,  For  purposes  of  this  procedure, 
maintenance  due  to  failure  false  alarms  will  be  limited  to  the  following: 

1)  a fault  Is  detected  during  normal  operations  but  cannot  be  repeated  during 
the  fault  Isolation  prooess . 

2)  a fault  Is  detected  and  Isolated  to  an  RI  when  the  RI  does  not  have  an  aotual 
fault  (This  Is  usually  caused  by  testing  conditions  such  as  BIT  tolerances) . 

The  model  for  fflH/MA  Including  the  false  alarm  conditions  noted  In  1)  & 2)  above 


76 


le 


Fln^nfflD 


fflfflH/MA 


where! 


(1  + F^)  Xn 

+ Fan) 


Fm  *a 


Fln  - frequency  of  occurrence  of  type  1 false  alarms  (expressed  as  a fraction 
of  the  nth  ri  failure  rate) 

Fan  = frequency  of  oocurrenoe  of  type  2 false  alarms  associated  with  nth  ri 

type 

MMHd  " mean  maintenance  man  hours  associated  with  type  1 false  alarms . 

This  time  Is  normally  limited  to  preparation  time  and  fault  Isolation 
time  which  oan  be  computed  similar  to  seotlons  2, 4. 2.3.1  and 
2. 4. 2. a. 2 respectively. 

2 . 6 . 3 . 1 False  Alarm  Hates  (FAR) 

The  false  alarm  rates  (Fi  bFg)  described  In  seotlon  2.6,3  are  dependent  on  the 
system  type,  operating  environment,  maintenance  environment,  system  design,  and 
fault  deteotlon  and  isolation  Implementation.  Therefore  a set  of  standards  to  be  used 
on  prediction  maintainability  characteristics  Including  FAR  Is  not  possible.  A sample 
of  FARs  experienced  on  2 current  systems  Is  shown  In  Table  21.  It  should  not 
be  oonstruod  that  these  are  representative  values  to  be  used  as  standards. 


Table  21.  Examples  of  Experienced  False  Alarm  Rates 


System  /Equipment 

FAR  Type  1 
(Fm)* 

FAR  Typo  2 

(F2n)** 

Weapon  Control  System 

e Radar  Subsystem 

.41 

,2B 

e Computer  Subsystem 

.63 

.65 

e Control  Subsystem 

1.32 

.31 

e Power  Subsystem 

.37 

.66 

e Auxiliary  Subsystem 

1.31 

.54 

Airborne  Radar  System 

e ItF  Unit 

N/A 

.44 

♦The  ratio  of  Type  1 false  alarms  to  actual  failures 
**The  ratio  of  Type  2 false  alarms  to  actual  failures 
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Table  21.  Examples  of  Experienced  False  Alarm  Rates  (Continued) 


FAR  Type  1 FAR  Type  2 

System/Equipment (Fln)*  (F2n)*» 

Airborne  Radar  System  (cont) 


e 

Transmitter 

N/A 

.31 

e 

Rooelver 

N/A 

.12 

e 

Antenna 

N/A 

.08 

e 

Analog  Prooessor 

N/A 

.07 

e 

Digital  Processor  #1 

N/A 

.60 

e 

Digital  Prooessor  #2 

N/A 

.00 

e 

Control  Unit 

N/A 

.00 

e 

N/A  - 

Power  and  Ant.  Servo 

Not  Available 

N/A 

.33 

2.6.4 

Mean  Maintenance  Man-Hours  Per  Operating  Hour  (MhlH/OH) 

This  maintainability  parameter  includes  the  manpower  that  Is  required  to  main- 
tain a system  completely . This  Includes  all  aspects  of  maintenance;  corrective  main- 
tenance, preventive  maintenance,  and  maintenance  oaused  by  false  alarms.  The 
average  number  of  maintenance  man-hours  expended  per  operating  hour  can  be 
expressed  as: 

N N PM 

MMH/OH  =2  <1+F2n>  *n  + £ F1  v'n  + X)  Fr  MMHr 

n=l  n^l  r»l 

where: 

\'n  » Xn  expressed  in  failures  per  operating  hour 

Fr  = frequency  of  rth  preventive  maintenance  action  expressed  In  ocourr- 
enoes  per  hour 

MMHr  = maintenance  man  hours  to  perform  rth  preventive  maintenance  type 
PM  * quantity  of  unique  preventive  maintenance  types 
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SECTION  3.0  DATA  COLLECTION 


In  order  to  provide  an  appropriate  data  base  for  the  development  of  the 
prediction  models  (primarily  the  regression  equations  defined  In  section  2.4.1) 

73  systems/equipments  developed  by  Hughos  In  the  past  ten  years  were  surveyed. 

From  the  surveyed  systems,  28  were  identified  as  possible  candidates 
for  extraotlon  of  data  pertinent  to  the  study.  Table  22  identifies  the  oandldate 
systems  and  the  characteristics,  features,  and  data  available  from  each  system. 
From  the  26  systems,  9 systems  were  finally  selected  to  provide  the  study  data 
base.  The  ortterla  for  selection  of  the  9 systems  was* 

e the  systems  selected  must  represent  all  possible  environments  (l.e. 
ground,  airborne,  shipboard) 

e the  systems  must  have  desfgned-ln  maintainability  features  for  fault 
detection  and  Isolation 

e the  systems  must  be  of  recent  vintage,  constructed  with  modern 
packaging  techniques 

s a maintainability  analysis  and  prediction  must  have  been  previously 
completed  on  the  system 

e maintainability  analysts  familiar  with  the  system  must  be  available 
e some  form  of  maintainability  evaluation  data  must  be  available  (e.g. 

M verification  test,  M demonstration,  or  field  evaluation) 

The  final  nine  systems  selected  for  data  collection  and  establishment  of  the 
study  data  base  are  denoted  by  an  asterisk  In  table  22.  They  are; 
e Ground  Radar  #1 

• Ground  Radar  #2 

• Radar  Data  Processor 
e Shipboard  Radar  #2 

e Shipboard  Display  System  #1 
e Weapon  Data  Converter 
e Airborne  Radar  #1 
e Weapon  Control  System 
e Communications  Terminal 

Seven  out  of  nine  systems  selected  represent  large  soale  systems  com- 
prising a variety  of  equipment  types  and  a brood  scope  of  packaging  concepts. 


The  systems  selected  represent  all  possible  operating  environments: 

3 airborne,  3 shipboard,  and  3 ground.  The  data  base  Is  made  up  of  approxi- 
mately fifty  equipments  grouped  Into  10  functional  equipment  typecu  This  Is 
considered  to  be  a representative  sample  for  the  data  analysis. 
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TABLE  22.  CANDIDATE  SYSTEMS  TO  BE  USED  FOR  THE  STUDY  DATA  BASE 


I 


3.1  DEFINITION  OF  DATA  COLLECTED 

Data  was  collected  on  the  selected  systems  In  three  general  categories 

1.  physical  data 

2.  maintainability  data 

3.  fault  Isolation  data 

Data  was  oolleoted  at  the  lowest  level  of  replacement, the  PI  level  for  the  organi- 
zational level  of  repair.  This  was  the  most  appropriate  level  to  perform  the  data 
collection,  since  the  data  could  then  be  summarized  for  the  upper  levels  (equipment 
and  system)  by  simple  summations.  The  following  pages  list  and  define  eaoh  type  of 
data  collected. 

3.1.1  Physical  Data 

Physical  data  Is  that  Information  whloh  defines  the  physical  attributes  of  the 
hardware  such  as  number  of  components,  olrcultry  type,  failure  rate,  and  quantity 
of  replaceable  Items.  Fifteen  classes  of  physloal  data,  as  defined  below,  were 
collected  on  each  of  the  selected  systems.  Included  In  the  following  definitions  (within 
the  parentheses)  Is  the  variable  name  associated  with  eaoh  type  of  data  that  whb 
assigned  In  the  computer  data  bank. 

• Quantity  of  RIb  (RIQ)  the  total  number  of  replaceable  Items  in  the  system 
at  the  organizational  level 

• Modular  R1  Qty  (MRKj)  the  total  number  of  easily  replaceable  modules  In 
the  system  at  the  organizational  level.  Easily  replaceable  modules  are 
defined  as  Items  not  bard  wired  In  (e.g.  plug-in  cards). 

• Qty  of  Active  Components  (ACT)  the  total  number  of  aotlve  components 
in  eaoh  RI,  Aotlve  components  were  defined  as  transistors,  diodes, 

SCRs,  ICs  and  Hybrids 

• Qty  of  Passive  Components  (PAS)  the  total  number  of  passive  components 
in  eaoh  RI.  Passive  components  were  defined  as  resistors,  oapaoitors, 
Inductors,  etc, 

« Predicted  Failure  Rate  (FR)  the  predloted  failure  rate  of  each  RI.  Fail- 
ure rate  is  expressed  in  failures  per  108  hours, 

• Qty  of  Digital  ICb  (IC)  the  total  number  of  digital  ICs  in  eaoh  RI.  This 
inoludes  SSI,  MSI,  LSI,  and  memory 

• Qty  of  Hybrids  (HYB)  the  total  number  of  hybrids  In  each  RI. 
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• Qty  of  Linear  ICb  (LIN)  the  total  number  of  linear  ICb  In  each  RI 

• Percent  Analog  (ANA)  the  fraction  of  analog  type  RIs  In  the  equipment 
(percent  weighted  by  failure  rate,  ANA  s 1.0) 

• Percent  Digital  (DIO)  the  fraction  of  digital  type  RIa  In  the  equipment 
(percent  weighted  by  failure  rate,  DIG  s l.Q) 

• Percent  RF  (RF)  the  fraction  of  RF  type  FIs  In  the  equipment  (percent 
weighted  by  failure  rate,  RF  *1.0) 

• Percent  P/S  (PS)  the  fraction  of  power  supply  type  RIa  In  the  equipment 
(percent  weighted  by  failure  rate,  PS  Sl.O) 

• Percent  Pleoe  Parte  (PP)  the  fraction  of  plecepart  type  RIa  In  the  equipment 
(percent  weighted  by  failure  rate,  PP  <1.0) 

• Peroent  Alignment  (A LI)  the  fraction  of  RIa  that  require  alignment  when 
replaoed,  (percent  weighted  by  failure  rate,  ALI  sl.O) 

• Peroent  Plug-ln  (PLG)  the  fraction  of  RIs  that  are  quickly  replaoed  via 
plug-ln  connectors  (percent  weighted  by  failure  rate,  PLG  sl.O) 

3.1.2  Fault  Isolation  Data 

Fault  Isolation  data  Is  that  Information  which  defines  the  characteristics  of  the 
fault  deteotlon  and  Isolation  Implementation  and  oapabllity.  Ten  olasses  of  fault 
Isolation  data,  as  defined  below,  were  collected  on  each  of  the  selected  systems. 

• Diagnostic  Size  (DIAG)  the  size  of  the  fault  Isolation  diagnostic  program 
In  terms  of  K computer  words  (e.g.  IK  - 1024  wordB) 

• Quantity  of  Fault  Isolation  Results  (QFIR)  the  unique  number  of  results 
that  a technician  may  obser  ve  after  he  runs  a diagnostic  program  (automatic 
or  seml-automatlo) 

• Fault  Isolation  Type  - (automatic  or  Bemt-automatlo  (TYPA,  TYPS)  the 
fault  Isolation  method  UBed  to  Isolate  a fault 

• Peroent  Automatic  (KA)  the  fraction  of  faults  Isolated  automatically  (percent 
weighted  by  failure  rate,  KA  f 1.0) 

• Percent  Semi-automatic  (KB)  the  fraction  of  faults  Isolated  seml-automatlcally 
(percent  weighted  by  failure  rate,  KS  sl.O) 

• Peroent  Manual  (KM)  the  fraotlon  of  faults  Isolated  manually  (percent 
weighted  by  failure  rate,  KM  s 1.0) 

« Peroent  Resolution  to  1 RI  (RES1)  the  fraction  of  faults  Isolated  down  to  one 
RI  (for  automatic  and  semi-automatic  FI,  RE  SI  s 1,0) 
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• Percent  Resolution  to  3 RIs  or  Leg  a (RE83)  the  fraction  of  faults  Isolated 
down  to  three  Rfo  or  less  (for  automatic  or  semi-automatic  Pi,  RES  3 sc  1.0) 

• Average  HI  Group  Size  (A VO)  average  RI  group  alze  that  faults  were  Iso- 
lated down  to  (automatic  and  seml-automatlo  only) 

• Maximum  RI  Group  (MAX)  defined  as  the  maximum  RI  group  size  in  a 
fault  Isolation  result. 

3.1.3  Maintainability  Data 

Maintainability  data  refers  to  the  assessed  MTTR  of  the  RIs.  The  MTTR  is 
broken  down  into  isolation,  fault  oorreotlon,  and  checkout.  Data  was  collected  for 
both  predicted  MTTR  and  demonstrated  MTTR  as  available. 

« MTTR  (BO)  - the  mean  time  required  to  Isolate  a fault  down  to  a single 
RI  or  a replaceable  group  of  RIs. 

• MTTR  (HR)  - the  mean  time  required  to  effect  a repair  on  a fault  that  has 
been  isolated. 

• MTTR  (CO)  - the  mean  time  required  to  verify  that  a fault  has  been  repaired. 

• MTTR  (TOT)  - the  mean  time  required  to  return  a system  back  to  operational 

status  once  a fault  has  been  detected.  This  is  just  the  oum  of  MTTR^^ 
MTTR  ^ , and  MTTR  CQ. 

3.1.4  Data  Collection  Summary 

Tables  23  thru  40  present  the  data  that  was  oolleoted  and  used  for  the  correlation 
analyses  described  in  seotlon  2.4. 1.  The  data  Is  presented  at  the  system  and  equip- 
ment levels  and  la  contained  In  two  separate  tables  for  each  system.  The  first  set 
of  tables  (23  through  31)  provide  data  on  the  physical  attributes  of  each  system.  The 
second  set  of  tables  (32  through  40)  summarize  the  maintainability  and  fault  isolation 
characteristics  of  eaoh  system. 

The  following  paragraphs  define  the  data  contained  within  eaoh  table  type.  Further 
definition  of  some  entries  Is  provided  by  the  definitions  In  seotlon  3.1.1,  3.1.2  and 
3.1.3. 


PHYSICAL  DATA  SUMMARY  (REFER  TO  TABLES  23  THRU  31) 


• EQUIP  TYPE  - defines  the  equipment  within  each  system  by  Ita  generic  type. 
The  ten  generic  codes  used  werei  transmitter  (XMTR),  reoelver  (RCVR), 
signal  processor  (SI5),  computer  (COMP),  antenna/pedestal  (ANT),  display 
oonsole  (DISP),  power  supply  (P/S),  peripheral  devices  (PERI),  oontrol  unit 
(CNTL),  and  ancillary  equipment  (ANC). 

• FAIL  RATE  - the  predloted  failure  rate  of  eaoh  equipment  expressed  In  failures 
per  million  hours. 

e RI  QTY  - the  number  of  RIs  within  eaoh  equipment  that  are  replaced  by  organ- 
isational maintenance  men.  A value  of  one  usually  Indicates  that  the  entire 
unit  Is  replaced  at  the  organizational  level. 

• MODR1  QTY  - the  number  of  modular  RIs  that  are  replaoed  at  the  organizational 
level  for  eaoh  equipment. 

• Parte  Quantities  - the  following  oolumns  define  the  total  number  of  eaoh  part 
type  oontalned  within  eaoh  equipment! 

QTY  ACTiv  - quantity  of  aotlve  components 
QTY  PASS  - quantity  of  passive  oomponente 
QTY  ICS  - quantity  of  digital  IOa 
QTY  LIN  - quantity  of  linear  ICs 
QTY  HYB  - quantity  of  hybrid  otroults 
Zero  entries  for  both  QTY  ACTIV  and  QTY  PASS  indicates  that  no  data  was 
available  for  that  particular  unit  (usually  a.  vendor  Item).  The  part  quantities 
for  the  digital  ICs,  linear  10a,  and  hybrid  oiroulte  are  summarized  at  the 
system  level  and  not  entered  for  each  equipment. 

e Fraction  of  Failure  Rate  Due  to  RI  type  - these  oolumns  define  the  fractional 
portion  of  the  equipment  failure  rate  associated  with  the  following  RI  types t 
ANAL  - RIs  that  perform  analog  functions 
DIO  - RIs  that  perform  digital  functions 
RF  - RIs  that  perform  RF  (radio  frequency)  funotloni 
P/S  - RIs  that  perform  power  supply  functions 
PP  - RIs  that  were  oonsldnred  pleos  parts  (e.g.  swltohes) 

ALIGN  - RIs  that  required  some  type  of  alignment  when  replaoed 
PLUG  - RIs  that  were  modular  or  plug-tn  types. 

The  above  entries  were  based  on  the  failure  rates  of  RIs  of  eaoh  type  divided 
by  the  total  failure  rate  of  the  equipment. 
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• System  Totala  - the  entries  In  this  row  provide  a summation  of  the  equip- 
ment level  entries  for  failure  rate,  RI  quantities,  part  quantities,  and  circuit 
types.  Also  Included  in  this  row  Is  the  environment  (ENV)  In  which  the  system 
Is  operated.  The  environments  are  defined  as  airborne  (AIR),  shipboard/ 
submarine  (SEA),  and  ground  (GRND). 

MAINTAINABILITY  AND  FAULT  EOLATION  DATA  SUMMARY 
(REFER  TO  TABLES  32  THRU  40) 

• Predicted  Repair  Times  - the  predicted  repair  times  of  each  equipment 

ISO  - fault  Isolation  time 

R/R  - disassembly,  Interchange,  and  reassembly  time 
C/O  - alignment  and  checkout  time 
TOTAL  - the  predicted  MTTR  equal  to  ISO  + R/R  + C/O 
e Demonstration  Repair  Times  - the  demonstrated  repair  tlmee  of  eaoh  equipment. 
Entries  In  the  columns  were  extntoted  from  available  maintainability  demon- 
strations results. 

ISO  - fault  Isolation  time 

R/R  - disassembly,  Interchange.  L reanuembly  time 
C/O  - alignment  and  oheokout  time 

TOTAL  - the  demonstrated  MTTR  equal  to  ISO  + R/R  + C/O 

• Fault  Isolation  Data  - entries  In  the  following  columns  define  the  automatlolty 

and  fault  Isolation  Implementation  for  eaoh  of  the  listed  equipments.  The  data 

presented  was  extracted  from  BIT  analyses,  diagnostic  program  documentation, 

and  maintenance  manuals  for  each  of  the  systems  examined. 

KA  - fractional  portion  of  faults  isolated  automatically 
KS  - fractional  portion  of  faults  Isolated  semi-automatlcally 
KM  - fractional  portion  of  faults  Isolated  manually 

The  type  of  fault  isolation  le  defined  for  esoh  equipment  by  entries  under  the 
TYPA  (type  of  automatic  FI)  and  TYTS  (type  of  semi-automatic  FI).  The 
following  oodes  were  uaedi 

1 - computer  controlled  test 

2 - status  monitors 

3 - operator  observatlons/doduotlons  FI 

4 - Indicator  lights 

5 - lamp  test 

6 - display  unit  oallout  & maintenance  manual 


[ 


MAINTAINABILITY  AND  FAULT  ISOLATION  DATA  SUMMARY  (Continued) 


• R1  Resolution  - these  oolumns  define  the  equipment  fault  Isolation  capabilities 
relative  to  the  level  of  fault  isolation  and  the  amount  of  fault  Isolation  data 
available  to  the  maintenance  technician. 

BES1  - is  the  fraotion  of  faults  isolated  to  1 RI 

RES3  - is  the  fraotion  of  faults  isolated  to  3 RIs  or  less, 

AVO  - Is  the  average  number  of  RIs  contained  In  a fault  Isolation  output. 
This  Is  equivalent  to  So  deflnsd  in  section  2. 4. 2. 3. 3. 2.1 

QFIR  - is  the  quantity  of  fault  isolation  results  that  isolate  a fault  to  an 
RI  within  the  equipment. 

DIAO  - the  size  of  the  diagnostic  program  associated  with  eaoh  equipment 
(In  K words). 


TABLE  23.  PHYSICAL  DATA  SUMMARY  (WEAPON  CONTROL  SYSTEM) 
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TABLE  25.  PHYSICAL  DATA  SUMMARY  {SHIPBOARD  DISPLAY  #2) 


TABLE  26.  PHYSICAL  DATA  SUMMARY  (GROUND  RADAR  #2) 
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TABLE  27.  PHYSICAL  DATA  SUMMARY  (WEAPON  DATA  CONVERTER) 
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TABLE  28.  PHYSICAL  DATA  SUMMARY  (RADAR  DATA  PROCESSOR) 
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TABLE  29.  PHYSICAL  DATA 
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TABLE  31.  PHYSICAL  DATA  SUMMARY  (GROUND  RADAR  #1) 
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TABLE  32.  MAINTAINABILITY  AND  FAULT  ISOLATION  DATA  SUMMARY  (WEAPON  CONTROL  SYSTEM) 
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TABLE  33.  MAINTAINABILITY  AND  FAULT  ISOLATION  DATA  SUMMARY  (SHIPBOARD  RADAR  #2) 
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TABLE  34.  MAINTAINABILITY  AND  FAULT  EOLATION  DATA  SUMMARY  (SHIPBOARD  DISPLAY  #2) 
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TABLE  35.  MAINTAINABILITY  AND  FAULT  ISOIATS3N  DATA  SUMMARY  (GROUND  RADAR  #2) 


TABLE  36.  MAINTAINABILITY  AND  FAULT  EOLATION  DATA  SUMMARY  (WEAPON  DATA  CONVERTER) 
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TABLE  37.  MAINTAINA BMT Y AND  FAULT  ISOLATION  DATA  SUMMARY  (RADAR  DATA  PROCESSOR) 


TABLE  38.  MAINTAINABILITY  AND  FAULT  EOLATION  DATA  SUMMARY  (AIRBORNE  RADAR  #1) 
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TABLE  39.  MAINTAINABILITY  AND  FAULT  ISOIATKJN  DATA  SUMMARY  (COMMUNE  AT50NS 
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TABLE  40.  MAINTAINABILITY  AND  FAULT  ISOLATION  DATA  SUMMARY  (GROUND  RADAR  #1) 
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3.2  MAINTENANCE  CONCEPT  DATA 

Included  as  part  of  the  data  collected  for  this  study  was  a definition  of  the  main- 
tenance concepts  currently  followed  for  military  eleotronlo  systems.  This  data  was 
collected  to  determine  if  (and  how)  the  maintainability  prediction  model(s)  and/or  pre- 
diction procedure  is  affeoted  by  different  maintenance  oonoepts. 

The  maintenance  oonoepts  of  twelve  systems  were  reviewed.  The  results  of  the 
review  indloate  that  maintenance  oonoepts  oan  generally  be  defined  by  the  type  of  sys- 
tem (avlonlos,  ground  eleotroniosi  shipboard  eleotronlee)  and  the  maintenance  environ- 
ment involved.  Figure  12  shows  the  7 unique  maintenance  environments  into  which 
the  12  systems  reviewed  were  oategortzed.  The  maintenance  oonoept  associated  with 
each  of  the  7 environments  are  defined  In  Tables  41  through  43. 

The  tables  are  segregated  by  type  of  system  and  provide  the  following  Information: 

1,  Installation  - The  environment  in  which  the  system  is  Installed  and  operates 
and  generally  (exoepting  small  alroraft)  where  the  organizational  level  mainte- 
nance Is  performed. 

2,  Maintenance  Level  - The  levels  at  whioh  maintenance  is  performed, 

3.  F.D.  Type  - The  primary  method  of  fault  deteotlon,  In  all  oases  Built  In  Test 
capability  was  the  primary  method. 

4.  F.I,  Type  - The  primary  method  of  fault  Isolation  at  the  Indicated  maintenance 
level.  Defined  as  automatic  (A),  Beml-automatlo  (S),  Manual  (M),  or  combination 
thereof. 

6.  Repair  Level  - The  hardware  level  at  which  repair  Is  performed  for  the  sub- 
ject maintenance  level, 

6.  R/R  Level  - The  type(s)  of  replaceable  items  typioally  removed  at  the  subject 
maintenance  level, 

7.  Repair  Looatlon-  The  location  at  which  the  repair  Is  accomplished  for  the 
subjeot  maintenance  level. 

8.  Sources  - The  system(s)  from  which  the  defined  malntenanoe  oonoept  was 
extracted.  The  service  organization  associated  with  each  system  is  Identified  hi 
parenthesis. 

In  general  the  malntenanoe  oonoepts  reviewed  do  not  Impair  the  developed  main- 
tainability prediction  models  or  procedures.  An  Impact  oould  be  realized  if  logistic 
delays  were  defined  as  part  of  the  MTTR.  In  this  oase  the  model  would  have  to 
aooount  for  the  operating  looatlon,  the  repair  location,  the  type  of  transportation,  the 
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availability  cf  spares,  etc,  Those  factors  are  not  considered  pertinent  to  inherent 
maintainability  and  are  not  addressed  in  this  report. 

One  maintenance  factor  that  does  affect  a system's  maintenance  time  is  the  repair 
policy.  If  the  fault  isolation  capability  isolates  a fault  to  a group  of  RIs  (vice  a single 
HI),  thero  are  two  paths  a maintenance  technician  oan  follow.  One,  he  could  replace 
all  the  RIs  in  the  group,  or  he  could  replooe  the  RIs  one  by  one  until  the  fault  has  been 
corrected.  The  detailed  prediction  model  aocounts  for  the  repair  polloy  In  the  main- 
tenance flow  diagram  and  the  assignment  of  Knj  (refer  to  seotion  5. 1. 5).  For  the 
early  prediction  procedure,  the  prediction  models  used  for  spare  retrieval  time, 
dlBasBombly/reasscmbly  time,  Interchange  time,  and  checkout  time  vary  depending 
on  tho  ropalr  polloy  (refer  to  section  5.2,4). 

Table  44  summarizes  the  repair  policies  for  eaoh  system  reviewed. 


Figure  12.  Categorization  of  Maintenance  Concepts  for  Surveyed  Systems 
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TABLE  41.  MAINTENANCE  CONCEPTS  OF  AVIONIC  EQUIPMENT 


TABLE  42.  MAINTENANCE  CONCEPTS  OF  GROUND  ELECTRONIC  EQUIPMENT 


F.D.  Type  F.L  Type  Repair  Level  I R/R  Level  j Location  Sources 


TABLE  44.  REPLACEMENT  POLICIES  OF  THE  SYSTEMS  REVIEWED 


SECTION  4.0  TIMES  STANDARDS 


This  part  of  the  final  report  addresses  the  time  standards  survey  and  modification 
task.  The  time  standards  task  was  part  of  the  baslo  study  contract  but  Is  treated  as  a 
separate  entity  because  of  Its  relative  independence  from  the  romalndor  of  the  study. 
The  task  Is  an  Integral  part  of  the  study  however,  as  the  resulting  time  standards  are 
used  as  Inputs  In  computing  disassembly,  Interchange,  and  reassembly  times  for  the 
corrective  maintenance  time  predictions,  The  objective  was  to  perform  an  Inves- 
tigation and  survey  of  all  available  time  standards  (appropriate  to  measures  of  physical 
aotlons  required  to  correct  an  electronic  equipment  malfunction),  and  to  determine 
those  most  appropriate  to  modern  era  designs  and  paokagtng  concepts.  A further 
objeotlve  was  to  establish  a composite  Bet  of  time  standards  using  existing  standards 
and  modified  standards  as  appropriate  or,  where  existing  standards  do  not  exist, 
establish  new  standards,  An  additional  objeotlve  was  to  identify  time  standards  differ- 
ences for  avionics,  ground  ctoctronlcs  and  shipboard  electronics  and  to  develop  appro- 
priate maintenance  environment  factors, 

The  approaoh  used  to  accomplish  the  stated  objectives  was: 

1)  Survey  existing  maintenance  time  standards 

2)  Examine  all  taBks  associated  with  corrective  maintenance  and  determine 
whloh  are  appropriate  candidates  for  time  standardization. 

3)  Where  applicable,  correlate  time  standardization  candidates  with  existing 
time  standards 

4)  For  remaining  time  standardization  candidates,  oolloot  sufficient  data  to 
assess  and  assign  an  appropri:.t<  SLandard  Ime 

5)  Analyze  data  collected  to  validate  results 

G)  Develop  factors  to  be  used  In  conjunction  with  the  time  standards  whloh  will 
provide  appropriate  consideration  for  different  maintenance  environments. 


Preceding  page  Plank 


113 


4.  1 TIME  STANDARDS  SURVEY 

An  extensive  literature  search  was  performed  to  find  existing  data  on  maintenance 
time  standards.  The  primary  souroes  used  for  this  literature  search  were: 

1.  Defense  Documentation  Center  (DDC) 

2.  NASA  Scientific  and  Technical  Information  Division 

3.  Hughes  Aircraft  Technical  Library 

The  results  showed  that  there  have  been  many  times  standards  developed  to  date 
but  few  ure  applicable  to  maintainability  prediction.  The  majority  of  standards  have 
been  prepared  for  industrial  time  standards  or  by  the  human  factors  community  for 
response/reaction  type  analyses,  but  these  could  not  be  applied  to  oorreotlve  mainte- 
nance actions.  Table  45  summarizes  the  results  of  the  literature  searoh. 

After  reviewing  the  maintenance  time  standards  available,  it  was  concluded  that 
the  most  complete  and  current  standards  available  were  inoluded  in  RADC-TR-70-89 
(Maintainability  Prediction  and  Demonstration  Techniques!.  This  data  was  therefore 
used  us  the  busts  for  the  set  of  time  standards  presented  herein. 


TABLE  45.  SURVEY  OF  CURRENT  TIME  STANDARD  DATA  AVAILABLE 


4.2  PHYSICAL  TASK  ANALYSIS 

The  objective  of  this  task  was  to  determine  what  maintenance  notion*  could  be 
standardized,  Also,  of  these  maintenance  actions,  which  ones  were  not  already  tabu- 
lated in  Maintainability  Prediction  and  Demonstration  Techniques,  RADC-TR-70-89. 

This  task  was  accomplished  by  reviewing  the  maintenance  procedures  and  avail- 
able technical  manuals  of  the  systems  seleoted  for  use  in  the  study,  The  maintenance 
actions  were  soreened  in  the  following  manner,  First,  all  the  unique  physical  type 
tasks  were  identified  and  tabulated.  Second,  an  assessment  was  made  of  the  feasi- 
bility of  establishing  a time  standard  in  the  identified  tasks.  The  final  step  was  to 
determine  whether  a time  standard  existed  and  was  applicable. 

Table  46  is  a listing  of  the  unique  tasks  that  ware  Identified.  The  table  also 
shown  which  tasks  are  considered  viable  candidates  for  standardization  and  whloh  tasks 
have  on  existing  applicable  time  standard. 


TABLE  46.  PHYSICAL  TASK  ANALYSIS 


Time 

Time 

Standard 

Time 

Standard 

Time 

Appllc- 

Standard 

Applio- 

Standard 

Task  Description 

able 

Exists 

Task  Description 

able 

Exists 

Lubrication 

No 

R/R  oiroult  card 

Yes 

Yes 

Run  oomputer 

No 

assembly  (CCA) 

diagnostic 

R/R  blower  fan 

No 

Check  power  supply 

No 

R/R  power  supply 

No 

voltage  with  meter 

R/R  screws/bolts 

Yes 

Yes 

Adjust  power  supply 
voltage 

No 

R/R  panels 

Yds 

Yes 

Visual  inspection 

No 

Identify  oomponents 

No 

Observe  Indicators 

No 

R/R  oonneotors 

Yes 

Yes 

Type  in  test 

No 

R/R  snap  fasteners 

Yes 

No 

sequences 

R/R  nuts 

Yes 

Yes 

Load  fault  isolation 

No 

Solder 

Yes 

Yos 

program 

Desolder 

Yes 

Yes 

Aotuate  a switch 

Yes 

No 

Engage/disengage 

Yes 

Yes 

Interpret  display 

No 

latohes 

results 

R/H  fuse 

Yes 

No 

Open/close  doors 

Yes 

Yes 

Notes  R/R  o Remove  and  Replace 
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TABLE  46.  PHYSICAL  TASK  ANALYSIS  (Continued) 


Taak  Deeorlption 

Time 

Standard 

Applic- 

able 

Time 

Standard 

Exists 

Task  Description 

Time 

Standard 

Applic- 

able 

Time 

Standard 

Exists 

r/r  oontrol  knobs 

Yes 

Yes 

Apply  soldering  paste 

Yes 

No 

R/R  J./4  turn  latohes 

Yes 

Yes 

R/R  epoxy 

Yea 

No 

1 ' R/R  heat  sink 

Yes 

No 

R/B  of  axial  com- 

Yes 

No 

i compound 

ponent  from  CCA 

Looeen/tlghten  aet 

Yes 

No 

R/R  of  transistors 

Yes 

Yes 

i Screws 

from  CCA 

R/R  flex  coupling 

Yes 

No 

R/R  1C  fl&tpaoks 

Yob 

No 

. R/R  lampB 

Yes 

No 

from  CCA 

! Observe  LED 

No 

R/R  of  IC  DIPb  from 
CCA 

Yes 

No 

indicators 

| R/R  cable  damps 

Yes 

No 

R/R  of  IC  DIPs  from 
sockets 

Yes 

No 

1 

1 R/R  TWT 

No 

R/R  of  relays 

No 

1 

I R/H  cable  ties 

Yes 

No 

Replace  coolant 

No 

1 

R/R  semi-rigid  coax 

Yes 

No 

Glean  air  filter 

No 

i 

i 

Torque  bolts  down 

Yes 

No 

Adjust  pots 

No 

I 

Align  boreslght 
telesoope 

No 

Lubricate  bearings 

No 

i 

Observe  fault 

No 

1 

R/R  retaining  rings 

Yes 

No 

indications 

i 

i 

Level  trailer  with 

No 

Initiate  built  in  teBt 

No 

! 

R/R  quick  release 

Yes 

No 

Interpret  BIT  results 

No 

pins 

Connect  HI  to  test 

No 

I | 

Observe  waveforms 

No 

equipment 

; 

R/R  ATR  latches 

Yes 

No 

i 1 Compare  waveforms 

No 

\ | with  manual 

R/R  butterfly  latohes 

YeB 

No 

i 

Adjust  trimmers 

No 

R/R  Tridair  fasteners 

Yes 

No 

Repair  scratched 

No 

R/R  snap  on 

Yes 

No 

or  gouged  etch  (PCB) 

connectors 

R/R  conformal 

Yes 

No 

R/R  wlrewrap 

Yes 

No  ; 

| | coating 

connections 

, j Clean  surface  of 

Yes 

No 

R/R  termlpolnt 

Yes 

No 

! CCA 

connections 

1 

R/R  crlmp-on 

Yes 

No  ' 

1 

terminal  lug 

Notes  R/R  = Remove  and  Replaoe  ! 
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TABLE  46.  PHYSICAL  TASK  ANALYSIS  (Continued) 


Task  Description 


R/R  CCA  w/tool 

Yes 

No 

R/R  CCA  w/jaok 

Yes 

No 

screw 

R/H  connectors 

Yes 

No 

w/Jack  screw 

Time 

Standard 

Applic- 

able 


Time 

Standard 

Exists 


Task  Description 


Time 

Standard 

Applic- 

able 


Time 

Standard 

Exists 


Note:  R/R  “ Remove  and  replaoe 
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4.3  DATA  COLLECTION 


For  those  Items  Identified  In  the  previous  seotlon  as  candidates  for  assignment  of 
standard  times,  without  available  existing  standards,  a data  collection  effort  was 
undertaken.  Data  was  collected  on  an  as-available  basis  from  sources  approximating 

a true  maintenance  environment.  Data  was  not  collected  by  using  formal  testing  proce- 
dures, or  from  manufaoturtng/assembly  areas,  on  the  basis  that  any  data  oolleoted 
would  not  be  representative  of  a maintenance  environment.  Data  was  oolleoted  from 
the  following  souroos; 

1)  Hughes  IRAN  (Inspect  and  repair  bb  necessary)  shops 

2)  Hughes  depot  faolllties 

3}  Repairs  accomplished  in  HugheB  rework  areas 

4)  Repairs  accomplished  on  Installed  equipment  as  reported  In  failure/ 
maintenance  reports. 

It  was  found  that  the  data  oolleoted  on  failure  reports  was  not  provided  to  the  level 
required  and  this  data  was  dlsoarded. 

For  the  data  oolleoted,  a goal  of  twenty  samples  for  eaoh  unique  task  was  estab- 
lished. The  actual  data  collected  was  a funotion  of  sample  availability.  For  eaoh 
sample,  the  following  Information  was  recorded: 

1)  The  appropriate  taak(s)  to  whloh  the  data  applied 

2)  The  quantity  of  actions  (If  more  than  a single  action  of  the  same  type  was 
aooompllshed) 

3)  The  elapsed  time  for  removal,  replacement  and/or  total  task  accomplishment 

4)  Remarks  (e.g.  special  tools  required,  fixtures  required). 

The  total  set  of  data  collected  is  provided  in  Appendix  D, 
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4.4  DATA  ANALYSIS 

The  data  collected  for  establishment  of  time  standards  was  analyzed  In  two  ways. 
First,  the  raw  data  wan  examined  to  define  the  sample  mean,  variance  and  distribu- 
tion characteristics  for  each  task  type.  Secondly  an  analysis  was  performed  to  estab- 
lish confidence  bounds  on  the  data  collected  based  on  the  sample  size  of  each  task. 
4,4.1  Histogram  Analysis 

Tho  raw  data  was  evuluated  to  determine  the  sample  mean  (8),  standard  deviation 
(e r),  and  apparent  distribution  of  each  task  type.  The  mean  and  standard  deviation 
wore  oompilod  from: 

N 


e r=  - <£ tj)2 

N iP 

where 

tj  = observed  time  for  the  1th  sample 

The  apparent  distribution  of  the  raw  data,  by  task  typo,  was  determined  using  a 
computer  program  to  plot  a histogram  of  the  data.  The  plots  were  made  to  determine 
the  relative  shape  of  the  distributions  and  the  modal  characteristics.  The  plots  were 
expected  to  be  unlmodul  with  a normal  or  log  normal  shapo.  Multimodal  distributions, 
if  they  had  occurred,  would  have  been  Indicative  of  bad  raw  data  or  the  need  for  further 
analysis.  Figure  13  showB  the  histogram  for  one  set  of  data.  Ab  shown,  the  distri- 
bution Is  unlmodul,  and  looks  like  u log  normal  distribution.  Most  of  the  collected  data 
setB  exhibited  an  apparent  normal  or  lognormal  distribution. 

4.4.2  Confidence  Estimates 

In  order  to  ussure  that  the  means  computed  from  the  data  collected  were  good  esti- 
mates of  the  true  means  un  aunlysls  of  the  confidence  bounds  was  performed.  From  the 
previous  section,  the  distribution  of  each  set  of  data  collected  was  assumed  lognormal. 

A random  aample  ol'  twenty  data  sets  was  selected  and  the  moan  (n)  and  standard  devia- 
tion (a)  of  the  logarithms  of  each  data  set  were  oomputod,  The  quotient  o/ju  for  each 
data  set  was  determined,  and  the  average  o-/j*  was  computed  for  the  entire  random  sample. 
The  computed  uvorage  was,  o/'m  k 0. 13^, 
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SAMI'l-E  DISTRIBUTION  OF  DATA  COLLECTED  FOR  INSER  TINT. 
IIIR  ICI  IN  TO  SOCKETS 


| DATA  POINTS  ] 

7.8 

7.5 

6.9 

6.3 

la.o 

1.3 

1.0 

0.6 

13.4 

7.0 

10.4 

6.0 

6.1 

5,0 

9.5 

6,3 

8.6 

11.0 

10.0 

6.4 

14.6 

6.4 

• .ft 

6.0 

n.o 

7.5 

6.9 

6.0 
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7.0 

5.5 

8.0 

7.0 

7 0 

9.B 

7.6 

6.4 

9. a 

6.6 

6.0 

TIMS  {SEC) 


Figure  13.  Sample  Histogram  of  Data  Collected 


The  computed  average  was  then  used  In  the  following  equation  to  determine  the 
approximate  confidence  bound  for  various  sumple  sizes: 

confidence  limit  ~ antllog  (y  + oT/  VTST)* 

whoro i 

N - sample  size 

y “ the  sample  mean 

u - the  sample  standard  deviation 

T » the  0.975  quantile  of  the  t-dlstrlbutlon  with  N-l  degrees  of  freedom 
The  analysis  was  performed  using  logorlthms  (e.g.  the  antllog  of  each  computed 
confidence  limit  was  not  taken)  since  tho  analysis  was  performed  with  qualitative  data 
(e.g.  o7y  us  a ratio  with  respect  to  y,  Instead  of  uotual  numbers). 

The  results  shown  In  Table  47  ahow  that  tho  goal  of  twenty  samples  for  each  data 
set  gives  a good  approximation  of  the  true  mean  und  that  a sample  size  of  ton  also 
gives  a good  approximation. 
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TABUS  47.  VARIATIONS  IN  THE  98TH  PERCENTILE 
CONFIDENCE  BOUNDS  DUE  TO  THE  SAMPLE  SIZE 


Bampl* 

su< 

Bit*  of  Confldonoa* 
Interval 

0 

0.  30p 

10 

0.  lap 

IB 

0.14m 

20 

0.12m 

26 

0.11m 

30 

0.10m 

38 

0.08m 

40 

0.  06m 

* Thant  computed  valuai  in  baud  on  a i t/m  - 0.  ;3m  ditormlnad  from  a random 
lampla  of  twanty  data  ante.  Alao  tha  oonfldonoi  lntarval  ataa  la  proaantad  In 
tiimi  of  louo  *lnoo  tha  interval  alia  variaa  at  dltfarant  portion*  of  a 
lognormal  udi. 

4.5  TIME  STANDARDS 

The  results  of  the  time  standards  survey  and  modification  have  been  tabulated  In 
Table  48.  The  times  tabulated  in  Table  48  have  corresponding  figures  referenced 
whloh  Illustrate  what  each  time  repreeents.  In  addition  to  the  basic  time  standards, 
table  40  contains  composite  times  of  oommon  maintenance  actions  that  may  occur. 
The  times  tabulated  In  this  table  were  synthesized  from  table  48.  Columns  two  and 
four  of  table  40  denote  which  times  of  table  48  were  used  to  synthesize  eaoh  activity 
(letters  denote  removal  (A)  and  replacement  (B)  times). 

Other  maintenance  tasks  can  easily  be  synthesized  by  the  following  method. 

1 . list  the  actions  Involved  for  the  maintenance  task 

2.  obtain  the  times  for  eaoh  action  by  using  tuble  48  (timeB  that  are  not  listed 
should  be  established  either  by  actual  data,  ttmo  studies,  or  engineering 
judgement) 

3 . compute  the  time  by  summing  up  eaoh  Individual  time 

The  following  is  an  example  of  how  the  prooeduro  to  lmplenv  nted: 


REMOVAL/ RE  PLACEMENT  OF  A 16  PIN  DIP  IC 


Quuntltlty 

Unit  Ttmo 

Total  Tim* 

• teaoldor  lead* 

16 

0.16  mis. 

2.61  min. 

• rtmovi.  10  pis  IC 

1 

0.90 

0.90 

• alias  rCB 

1 

0,29 

0.29 

• Inaart  sow  10 

1 

0.80 

0.60 

• iolcter  10  pint 

16 

0.00 

0.90 

• dip  liida 

10 

0.06 

0,48 

• olttn  POB 

- 

1 1 

1 

0.29 

0,29 

0,34  min. 

♦See  Reliability  Engineering,  Arlnc  Resoaroh  Corporation  1964,  pages  155-150 
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TABLE  48.  ELEMENTAL  MAINTENANCE  ACTIONS 


Time 

Standard 

Number 

Standard  Times 

Description 

Remove 

(min.) 

Replace 

(min.) 

Interchange 

(min.) 

Reference 

Figure 

1 

FASTENERS 

Standard  Sorews 

0.16 

0.26 

0,42 

14 

2 

Hex  or  Allen  Type 
Screws 

0.172 

0.431 

0.601 

15 

3 

Captive  Sorews 

0.151 

0.201 

0.351 

16 

4 

Dzus  (1/4  Turnlook) 

0.08 

0.05 

0.13 

17 

5 

Tridair  Fasteners 

0,06 

C ,06 

0.12 

18 

6 

Thumbsorews 

0.061 

0.08-1 

0.141 

19 

7 

Machine  Sarews 

0.21  | 

0.46 

0.67 

20 

8 

Nuts  or  Bolts 

0.34 

0.44 

0.78 

21 

D 

Retaining  Rings 

NA 

0.27 

NA 

22 

10 

LATCHES 

Drawhook 

0.03 

0.03 

O.OB 

23 

11 

Spring  Clip 

0.04 

0.03 

0.07 

24 

12 

Butterfly 

0.05 

0.05 

0.10 

25 

13 

ATR  (spring  loaded, 
pair) 

0.45 

0.69 

1.14 

26 

14 

Lift  & Turn 

0.03 

0.04 

0.07 

27 

15 

Slide  Lock 

NA 

NA 

NA 

28 

16 

TERMINAL 

CONNECTIONS 

Terminal  Posts 
(per  load) 

0.22 

0.64 

# 

29 

17 

Screw'  Terminals 

0.23 

0.45 

0.68 

30 

18 

Termipoint 

0.22 

0.30 

* 

31 

19 

Wirewrap 

0.09 

3.24 

* 

32 

20 

Taper  pin 

0.072 

0,072 

0. 142 

i 

i 

J 

33 
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Time 

Standard 

Number 


TABLE  48.  ELEMENTAL  MAINTENANCE  ACTIONS  (Continued) 


Standard  Times 


Description 


TERMINAL 

CONNECTIONS  (cont. ) 

PCB  a)  Discretes 

b)  Flatpaoks 

c)  DIPICs 

e 8 pin 

• 14  & ie 
pin 

CONNECTORS 

BNC  (single  pin) 

BNC  (multi  pin) 

Quick  Releuse  Coax 

Friction  Locking 

Friction  Locking  with 
one  Jack  Screw 

Thread  Looking 

Slide  Locking 

PLUG  IN 
MODULES 

DIP  ICe  (Into 
DIP  sookets) 

CCAa  (without  tool) 


• 80  pin 

CCAs  (with  tool) 


Remove 

(min.) 


0. 17® 

+ 

34 

0.1Ja  per 
flatpack 

* 

34  ! 

i 

0.523 

+ 

34 

0.863 

* 

34 

0.10 

0.17 

36 

0.12 

0.10 

35 

0.04 

0.08 

36 

NA 

NA 

37 

mm 

0.38 

38 

EBfl 

0.26 

39 

0.12 

0.21 

40 

l 

1 

0.14 

0.21 

41 

NA 

NA 

42 

0,07 

0.  11 

42  i 

0. 13 

1 

43 

0.08 

0.  17 

43 

i 

■ 

TABLE  48.  ELEMENTAL  MAINTENANCE  ACTIONS  (Continued) 


Time 

Standard 

Number 

Standard  Timo 

Description 

Remove 

(min) 

Replace 

(min.) 

Interchange 

(min.) 

Reference 

Figure 

PLUG  IN 

MODULES  (oont.) 

CCAs  (without  tool) 

(not  guided) 

• 40  pin 

NA 

NA 

NA 

44 

36 

• 80  pin 

0.04 

0.16 

0.20 

44 

37 

Modules 

0.09 

0.  LI 

0.20 

45 

38 

MISCELLANEOUS 

Strip  Wire 

0.10 

30 

Cut  Wire  of  Sleeving' 

- 

- 

0.04 

- 

40 

Dress  Wire  with 
Sleeving 





0.21 

— 

41 

Crimp  Lugs 

- 

- 

0.27 

46 

42 

Form  Leads  (per 
lead) 

— 

— 

0.03 

47 

43 

Trim  Leads  (per 
lead) 

MM 

0.03 

MM 

44 

AdheBlvos 

0.554 

0.134 

0.684 

MM 

4B 

Conformal  Coating 

2.204 

0.234 

2.434 

“ 

46 

Soldering  A)  Terminal 
Posts 

_ 

, 

0.22 

48 

47 

B)  PCB 

- 

— 

0.06 

49 

48 

Reflow  Soldering 

- 

- 

0.25 

— 

49 

Tinning  Flatpaoks 
(dipping) 

— 

— 

0,30 

50 

Desolderlng  A)  Braided 

— 

1 

0.16 

50 

51 

Wick 

B)  Solder 

- 

0.09 

51 

52 

Sucker 

Form  Flntpauk  Leads 

0.11 

52 

(Mechanically) 

_ 

■M. 

0.294 



53 

54 

Clean  Surface 

Panels,  Doors,  & 

0.04 

0.03 

0.07 

53 

Covers 
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TABLE  48.  ELEMENTAL  MAINTENANCE  ACTIONS  (Continued) 


Time 

Standard 

Number  Description 

MISCELLANEOUS 
(cont. ) 

55  Drawers  (Large) 

56  Display  Lamps 

5?  Threaded  Connector 

Covers 


Standard  Time 

Remove  Repiaoe  Interchange  Reference 

(min.)  (min.)  (min.)  Figure 


1.  data  obtained  from  RADC-TR-70-89,  Maintainability  Prediction  bj 
Demonstration  Techniques 

2.  data  obtained  from  Hartmeyer,  F. C. , Electronic  Industry  Cost 
Estimating  Data 

3.  does  not  lnoludesolderlng/desolderlng 

4.  these  times  apply  to  small  areas 

NA  - no  data  available 

* Indicates  that  other  times  are  Involved  In  the  Interchange  activity 
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TABLE  49.  COMMON  MAINTENANCE  TASKS 


STANDARD  SCREWS 

• THIS  TIME  IS  FOR  ALL  STANDARD  THREADED  FASTENERS 
SUCH  ASiSLOTTEQ  HEAD,  PHILLIPS  HEAD,  AND  FILLISTER 
HEAD 

• THE  TIME  GIVEN  IS  THE  TIME  REQUIRED  TO  REMOVE/ 
REPLACE  THE  FASTENER  FROM  THE  HOLE  AND  DISENGAGE/ 
OR  CNQAOR  IT  RV  SEVERAL  TWISTING  MOTIONS  OP  THE 
HAND  {APPROXIMATELY  • TWISTS) 

• TOOL  REQUIRED  IB  STANDARD  SCREWDRIVER  (PLAT  HEAD, 
PHILLIPS,  OR  HEX) 


Figure  14.  Standard  Screws 


HEX  OR  ALLEN  SET  SCREWS 

• THIS  TIME  IS  FOR  HEX  OR  ALLEN  TYPE 
SET  SCREWS 

• THE  TIME  GIVEN  IS  POR  THE  TIME  TO  TIGHTEN/ 
OR  LOOSEN  A HEXAGONAL  TYPE  SET  SCREW 
USING  AN  ALLEN  TYPE  WRENCH 

• TOOLS  REQUIRED  ARE  HEX  WRENCHES  OR 
ALLEN  TYPE  WRENCHES 


Figure  15.  Hex  or  Allen  Set  Screws 


ZT-99SZ9 


TH  i PAIR  FAtTINER 

• THU  FASTENER  it  A QUICK  tNOAQlNO  FASTENER 
THAT  REQUIRES  Lilt  THAN  ONE  TURN 

• THIt  TIME  INCLUDE*  THE  TIME  NECEMARV  TO 
ENOAOt/OR  DltENQAQE  THE  FASTENER  UIINU  A 
TURN  OF  THE  HAND 

• THE  TOOL  REQUIRED  It  AN  ALLEN  WRENCH 


Figure  18,  Tridalr  Faitener 


l 


i 


THUMMCRKWS 

• THIS  KASTCNCR  It  A THRIADEO  SCREW  WITH  A HEAD 
THAT  CAN  UK  ORASPCO  EASILY  iV  THt  HAND 

• THII  TIM*  INCLUDES  THt  TIM*  NECESSARY  TO  DIStN- 
f.lAQE/OW  KNQAOK  TH*  PAITtNK A «V  TURNING  IT  WITH 
THt  HAND 

• NO  TOOLS  ACQUIRED 


T3T 


Figure  19.  Thumbicrcwi 


I 

i 


K 
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MACHINE  SCREWS  (WITH  NUT) 

• THIS  FASTENER  II  ANY  THREADED  FASTENER  THAT 
DOES  NOT  TAP  INTO  THE  STRUCTURE,  INSTEAD  IT 
ENGAGES  INTO  A LOOSE  NUT 

• THIS  TIME  INCLUDE!  THE  TIME  TO  AEMOVK/OR  POSI- 
TION THE  FASTENER  AND  NUT  AND  THE  TIME 
REQUIRED  TO  TIGHTEN  THE  FASTENER 

• TOOLS  REQUIRED  ARE  A SCREWDRIVER  AND  A WRENCH 


Machine  Screws 


• ANY  FASTENER  THAT  REQUIRES  A WRENCH 
TO  TIGHTEN  IT  DOWN 


• THIS  TIME  INCLUDES  THE  TIME  NECESSARY  TO 
POSITION  THE  WRENCH  AND  ENOAQE/OR  OISEN 
GAGE  THG  FASTENER 


I Igure  21.  Nut»  or  Bolt* 


S1-*«€Z8 


Figure  23.  Drstwhook  Letch 


,Xst 

/ 

SPRING  CUP  CATCH 

• ANY  LATCH  SIMILAR  TO  THK  ONE  SHOWN 

<C 

y 7 

/ 

• TIME  INCLUDES  THt  TIME  NECESSARY  TO 

CNOAaC/OR  DISENGAGE  THE  LATCH  COM. 

PLETKLY 

X_ 

7 

• NO  TOOLS  REQUIRED 

V>S 

X 

X 

/ 

Figure  24.  Spring  Clif  Catch 


BUTTERFLY  LATCH 

• ANY  LATCH  SIMILAR  TO  THE  ONE  SHOWN 

• TIME  INCLUDE.!  THt  NECESSARY  TIME  TO  ENGAGE/ 
OR  DISENGAGE  THt  LATCH  COMPLETELY,  NORMAL 
LY  CONSISTS  OF  LIFTING  THE  TAB  AND  TURNING  IT 
900. 

• NO  TOOLS  REQUIRED 


* \ o 


Figure  25.  Butterfly  Latch 


ATR  LATCH 

• ANY  LATCH  SIMILAR  TO  THE  UNE  SHOWN 

• TIME  INCLUDES  THE  TIME  NECESSARY  TO  UNSCREW/ 
OR  SCREW  THE  CAP  OVER  THfX  NIB  TO  0.  NO  AG  C/OR  DtS« 
BNOAGlt  THE  SECURED  UNIT.  THE  TIME,  GIVEN  IK  FOR 
A PAIR  OF  ATR  LATCHES. 

• NO  TOOLS  REQUIRED. 


Figure  26.  ATR  Latch 
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SLIDE  LOCK  LATCH 

• ANY  LATCH  SIMILAR  TO  THE  ONE  SHOWN 

• THE  TIME  GIVEN  IS  TUI  TIM!  NECESSARY  TO 
SLIDE  THE  LOCKING  DEVICE  TO  ENdAGE/OR 
DISENGAGE  THE  PANEL 

• NO  TOOLS  REQUIRED 


TERMINAL  POSTS 

• ANY  TERMINAL  CONNECTION  SIMILAR  TO  THE  ONES 
SHOWN 

• THIS  TIME  IS  THE  TIME  REQUIRED  TO  REMOVE  OR 
REPLACE  A LEAD  PROM  A TERMINAL.  (DOES  NOT 
INCLUDE  SOLDERING  GR  DESOLDKR  ING) 

• NEEDLE  NOSE  PLIERS  ARE  REQUIRED  POR  THIS  TASK 


Figure  29.  Terminal  Posts  Connections 


t 


Figure  31,  Termipoint  Connection 
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BNC  CONNECTORS 

• ANY  CONNECTOR  THAT  HAS  A BAYONET  LOOK. NO  DEVICE 

• TIMES  QIVEKl  ARE  FOR  MATINQ/DEMATINQ  THE  CONNECTORS 
BY  A TWISTING  MOTION 

C NO  TOOLS  REQUIRED 


Figure  35.  BNC  Connectors 


l 


i 

r 


l 

i 
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Figure  36.  Quick  Release  Coax  Connectors 


FRIC1  ION  LOCKING  CONNECTORS 

• ANY  CONNECTOR  THAT  IS  MATED  AND  SECURED 

BY  THE  FRICTION  OF  THE  PIN5  AND/OR  CONNECTOR 
CASE 

• THE  TIME  GIVEN  IS  THE  TIME  NECESSARY  VO  MATE 
OR  ntMATE  THESE  CONNECTOR  TYPES 

• NO  TOOLS  REQUIRED 


Figure  37.  Friction  Locking  Connector 


i 
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Figure  38.  Friction  Locking  Connector  with  Juclucrcw 


threaplqcking  connector 

• ANY  CONNECTOR  THAT  IS  SECURED  BY  A 
THREADED  CONNECTOR  SHELL 

• THE  TIME  GIVEN  IS  FOR  THE  DEMATING /MATING 
OF  THE  CONNECTOR  AND  THE  SECURINQ/UNSECUR- 
I NO  OF  IT  BY  A TURNING  MOTION 

• NO  TOOLS  REQUIRED 


Figure  39.  Threadlocking  Connector 


ANY  CONNECTOR  THAT  IS  SECURED  BY  A SLIDE  LOCK 
THE  TIME  GIVEN  IS  THE  TIME  REQUIRED  TO  MATE/DEMATE 
THE  CONNECTOR  AND  ENQ AGE/DISENG AGE  THE  SLIDE  LOCK 
NO  TOOLS  REQUIRED 


Figure  40.  Slide  Locking  Connector 


THIS  INCLUDES  A NY  DIP  1C  THAI  IS  SECURED  IN 
A DIP  SOCKET 

THE  TIME  GIVEN  IS  THE  TIME.  REQUIRED  TO  UNPLUQ 
OR  PLUO  IN  THE  DIP  1C 
NO  TOOLS  REQUIRED 


GUIDED  CCA* 

Ifi 

• 

ANY  aUlDLU  CCA  THAT 

hand 

IS  INSERTED/ RE  MOV  ED  RV 

• 

THE  HWh  UlVlsN  IS  THE 
PU5II  IN  HU1.  CCA 

TIME  TO  PULL  OUT  OH 

Vk'£ 

• 

Nu  TOOLU  REQUIRED 

THIS  TIME  IS  ASSOCIATED  WITH  ANY  CCA  THAT 
IS  INSERTtD/WfcMOVEU  WI  TH  A CARD  EXTRACT 
INU  TOOL 

THIS  TIME  INCLUDES  THE  TIME  REQUIRED  ID 
POSITION  THE  TOOL  AND  REMOVE,' REPLACE 
THE  CCA 

A CARD  EXTHACTING  mul  I in  llllld-L* 


Figure  4.)  Uiiidvil  wiili  a Tool 


/ 
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Figure  47.  Form  Leadi 


Figure  SO.  Dcioldering  with  a Braided  Wick 


Figure  51.  Dcioldering  Using  a Vacuum 


POHM  PLAT  PACK  LEAD! 

• THE  1 I MI  AllOC  IATKD  WITH  PORMINO  PLATPACK  LEAD!  UIINQ  A 
MECHANICALLY  OPERATED  DIE 

« THE  TIME  OIVEN  II  THE  TIME  REQUIRED  TO  POIITION  THE  PLATPACK 
AND  ACTUATE  THE  M1CHANIIM 

♦ A MECHANICALLY  OPERATED  OEVICt  II  USED  TO  DO  THU 


j 

Figure  5.1.  Paneli,  Doori  and  Coven 


4.6  WORK  FACTORS 

The  maintenance  time  standards  developed  in  the  previous  sections  assume  that 
the  working  environment  is  conducive  to  maintenance  (l.e.,  moderate  temperature, 
ample  working  apace,  and  a fixed  platform  environment).  Real  world  factors  may 
result  In  leas  than  Ideal  conditions  for  correotlve  maintenance  actions,  This  aeotion 
covers  the  work  factors  that  may  Increase  or  decrease  the  maintenance  times  estab- 
lished In  tbs  previous  section. 

The  main  factors  that  have  a noticeable  effect  on  repair  timeB  are  work  environ- 
ment and  maintenance  personnel.  These  factors  can  further  be  categorized  by: 

1.  work  environment 

a)  space  impediments 

b)  climatic  conditions  (temperature) 

o)  platform  (airborne,  ground,  shipboard) 

2.  maintenance  personnel 

a)  aptitude 

b)  manpower 

o)  attitude 

Data  was  collected,  through  a literature  search,  on  the  maintenance  work  factors 
Identified  above.  A summary  of  the  information  found  on  these  work  factors  is  pre- 
sented in  the  following  sections. 

It  should  be  noted  that  a minimum  amount  of  work  factor  data  was  available,  That 
data  which  is  presented  In  thie  section  was  taken  at  face  value  with  no  attempt  made  to 
subatantlate  or  validate  its  accuracy.  Utilization  of  the  data  in  this  section  should  only 
be  used  with  a thorough  understanding  of  the  conditions  for  whioh  it  la  applicable. 

4.6. 1 Work  Environment 

4. 6. 1. 1 Space  Impediment 

The  first  factor  considered  was  space  Impediments.  If  a technician's  work  in  Im- 
peded by  an  obstruction  (e.g.  another  Rl)  or  if  he  must  perform  his  work  in  an  awkward 
position  then  corrective  maintenance  time  will  increase.  Therefore,  prodioted  repair 
times,  must  be  corrected  by  some  fsotors  to  aocount  for  these  impediments  or  cramped 
working  spaoes.  Table  SO  is  a reproduction  of  a table  which  appears  in  RADC-TR-70-8B, 
Maintainability  Prediction  and  Demonstration  Techniques,  written  by  ARINC  Research 
Corporation,  The  table  oontains  correction  faotors  that  the  times  standards  (supplied  in 
that  report)  must  be  multiplied  by  when  working  conditions  are  not  ideal.  Use  of  these 
faotors  must  be  restricted  to  the  conditions  defined  In  RADC-TR-70-88  for  which  they 
were  developed.  A separate  analysis  of  work  faotors  due  to  space  impediments  was  not 
performed  for  this  study. 
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TABLE  50.  IMPEDIMENT  CORRECTION  FACTORS 


Device  Category 

Tool  or  Devioe 

Impediment 

Correction 

Factor 

Fastening  Parts 

Non-captive  screws, 

1.6 

oaptive  fasteners 

1.2 

Connecting  Elements 

Soldered  devices, 

3.4 

nonsoldered  devloes. 

* 

connecting  devloes 

1.4 

Plug-In  Components, 

Discrete  parts, 

3.4 

Assemblies,  and 

plug-in  assemblies, 

1.6 

Subassemblies 

and  subassemblies 

External  Aooess 

Cavers,  panels,  en- 

* 

closures,  doors,  etc. 

Adjustable  Items 

Knob,  screwdriver, 

1.2 

wrench,  etc, 

*No  data  available. 

4 . 8 . 1 . 2 Cllmatlo  Conditions 


The  next  maintenance  work  factor  considered  woe  ollmatlo  condition* . This  work 
factor  aooounts  for  the  effeota  of  temperature  (hot  and  cold)  on  repair  times. 

Information  waa  found  for  both  extremsa  of  the  temperature  aoale.  Figure  06 
extracted  from  AMG P-706-134,  Maintainability  Guide  for  Design  shows  how  a techni- 
cian's accuracy  decreases  (thus  increasing  repair  times)  as  the  temperature  increases. 
The  figure  does  not  provide  Quantitative  information  on  the  increase  of  maintenance 
times. 

Data  for  maintenance  under  oold  temperatures  was  extracted  from  Maintenance 
Performance  In  on  Arctic  Environment,  written  by  the  United  State*  Army  Arotlo  Teat 
Center.  This  report  collected  data  on  maintenance  aotlone  in  sub-aero  temperatures, 
but  the  data  waa  never  analyzed  due  to  the  cancellation  of  the  study. 

A regression  analysis  was  performed  on  data  to  see  if  any  correlation  between 
the  temperature  and  the  repair  times  existed.  This  analysis  resulted  In  the  curve 
shown  in  figure  57.  The  dam  points  and  the  regression  equations  are  tabulated  in 
appendix  E. 

The  data  extracted  from  the  previously  mentioned  report  pertained  to  repair  times 
of  meohanioal  Items.  Therefore,  the  ourve  shown  oan  only  be  applied  to  maintenance 
actions  that  require  physical  movements . For  example,  times  pertaining  to  physical 
actions  such  as  removing  and  replacing  a fastener,  or  opening  and  dosing  a latch  con 
be  adjusted  by  the  ourve  shown,  but  non-physioal  actions  such  as  running  a computer 
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Figure  56,  Error  Increases  Due  to  Temperature 


controlled  diagnostic  program  would  not  be  affeoted  by  the  temperature  difference. 

Also  since  the  data  extracted  was  In  the  temperature  range  of  -50BF  to  O'F,  the  ourve 
Is  considered  valid  only  for  that  temperature  range. 

4.6. 1.3  Platform  Stability  (Airborne,  Ground,  Shipboard) 

The  last  environmental  work  factor  considered  Is  the  platform  on  which  mainte- 
nance Is  performed.  It  appears  obvious  that  there  Is  a relationship  between  the  time  to 
perform  phyeloal  actions  associated  with  maintenance  and  the  stability  of  the  platform 
on  which  maintenance  Is  performed.  However,  the  literature  search  yielded  little 
quantitative  analysis  of  this  relationship 

A maintainability  analysis  performed  on  the  Surface  Towed  Array  Sonar  System 
does  provide  a relationship  between  maintenance  under  different  sea  state  conditions 
(with  sea  state  "0"  considered  equivalent  to  ground  maintenance).  The  analysis  Is 
summarized  In  Tablo  51.  The  sea  state  data  was  extracted  from  Oceanography 
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Figure  57.  Effect!  of  Arctic  Temperature  on  Maintenance  Repair  Timer 


TABLE  51.  INCREASE  IN  MAINTENANCE  TIME  AS  A 
FUNCTION  OF  SEA  STATE 


1 

1 

1 

;l 

Sen  State 

Wave  Height  (ft) 

Frequency 
Occur ance 

% Increase  in 

Physloal  Task 

Time 

1 

0-2 

0-3  ft. 

0.20 

O i 

) 

3 

3-6 

0.  25 

IE 

4 

6-8 

0.25 

50  | 

5 

8-12 

0. 10 

ioo  ! 

• 

1 ■ 

6 

12 

0.20 
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by  M.  Q.  Gross,  Prentice  Hall,  1972.  The  maintenance  factor  data  was  based  on  best 
engineering  judgement  of  several  experienced  shipboard  technicians.  This  data  is  con- 
sidered applicable  only  to  the  equipment  characteristics  and  installation  characteristics 
(e.g.  ship  size,  mounting  location,  eto.)  of  the  referenced  system.  Application  of  this 
data  to  other  shipboard  installations  must  be  limited  to  like  conditions. 

4.6.2  Maintenance  Personnel  Factors 

Proficiency,  attitude,  and  manpower  were  the  personnel  faotors  considered.  The 
literature  search  came  up  with  several  documents  that  contained  Information  on  the 
effects  of  maintenance  personnel  on  repair  times.  The  documents  that  contained  the 
most  useful  information  wsrei 

1.  Siegol,  A. I.,  Wolf,  J.J.,  Williams,  A.R.,  A Model  For  Predlotlng  Integrated 
Man-Ma china  Reliability,  March  1976 

2.  Foley,  J.P.  Jr.,  Airforce  Researoh  and  Development  Program  for  the 
Improvment  of  Maintenance  Efflolenoy,  November  1973 

3.  Elliot,  T,  K.,  Effects  of  Eleotronlo  Aptitude  on  the  Performance  of  Pro- 
ceduraltzed  Troubleshooting  Guidos,  November,  1967 

4.  Pleper,  W.J.,  ot  al,  Effeots  of  Ambiguous  Test  Results  on  Troubleshooting 
Procedures,  November  1967 

4.6  2.1  Aptitude 

The  conclusion  reached  after  a review  of  the  referenced  documents  is  that  the 
profiotenoy  or  aptitude  of  a teohnioian  has  a negligible  effeot  on  repair  times  onoe 
the  fault  has  been  Isolated  to  a single  R!  or  group  of  RIs,  The  time  associated  with 
fault  Isolation  procedures  that  require  operator  Interactions  (either  semi-automatic 
or  manual  fault  isolation)  oan  be  affeoted  by  the  profiotenoy  or  aptitude  of  the  main- 
tenance teohnioian  or  operator,  However,  the  profiotenoy  of  a teohnioian  has  a neg- 
ligible effeot  on  fault  isolation  time  with  automatic  fault  isolation  techniques  or  if  a 
good  prooedurallzed  troubleshooting  manual  is  used.  The  effeots  of  proficiency  are 
primarily  due  to  ambiguous  fault  !&<  •.  i>tion  results.  However,  if  a step  by  step  pro- 
cedure is  used  to  aid  the  teohnioian,  then  the  differences  caused  by  different  aptitude 
levels  diminish.  The  methodology  presented  in  this  report  requires  the  fabrloation  of 
a maintenance  flow  diagram  that  reduces  the  effeots  of  aptitude  and  proficiency  due  to 
ambiguity  on  repair  times  predictions. 

4.6. 2. 2 Manpower  Availability 

The  manpower  available  to  perform  oorreotlve  maintenance  oan  have  a consider- 
able effeot  on  maintenance  repair  times.  As  is  shown  in  section  5.1.7  (timeline 
analysis),  the  manpower  available  oan  reduce  the  total  repair  time  by  allowing  for 
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multiple  notions  to  ooour  at  the  name  time.  Since  a time  synthesis  model  was  developed 
for  this  methodology,  the  effects  of  the  manning  level  oan  be  accounted  for  directly  when 
the  repair  times  are  synthesized  (refer  to  seotion  2.6.2). 

4.6.2.  3 Attitude 

Technician  attitude  or  motivation  Is  probably  the  moBt  dominant  factor  In  the  vari- 
ation of  time  to  perform  maintenance  between  technicians.  It  Is  also  the  one  faotor  that 
is  unpredictable  or  unquantlflable.  As  indloated  in  Section  2.2,  the  purpose  of  the  pro- 
cedure developed  here  Is  to  predlot  Inherent  maintainability.  Within  this  framework, 
technician  attitude  waB  excluded  from  further  consideration. 
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SECTION  5.0  PREDICTION  PROCEDURE 


5. 1 DETAILED  PREDICTION  PROCEDURE 

This  section  provides  a step  by  step  procedure  for  performing  a detailed  prediction 
of  MTTR  as  desorlbed  In  Section  2.3.  The  tasks  involved  in  performing  the  prediction 
are:  • * 

1.  Define  the  prediction  requirements 

2.  Define  the  maintenance  concept 

3.  Identify  the  fault  detection  and  isolation  outputs  (FDStI  outputs) 

4.  Correlate  the  FD&l  outputs  and  hardware  features 

5.  Correlate  RIs  and  FD&I  outputs 

6.  Prepare  u maintenance  flow  diagram 

7.  Prepare  time  lino  analyses 

8.  Compute  the  maintainability  parameters 

Descriptions  of  each  of  the  tasks  are  provided  in  the  following  subsections.  A 
jample  prediction  is  provided  In  Appendix  F. 

5.1.1  Prediction  Requirements  Definition 

This  step  of  the  prediction  Is  in  some  respects  the  most  Important  aspect  since 
It  establishes  a common  baseline  of  understanding  the  prediction  purpose,  approach  and 
scope.  During  this  step,  the  maintainability  parameter  (a)  to  be  evaluated  la  defined, 
the  prediction  ground  rules  are  established)  and  the  maintenance  level  for  which  the 
prediction  la  being  made  Is  defined. 

Parameter  definition  inoludes  the  selection  (if  required)  of  the  parameter  (a)  to  be 
evaluated  and  the  establishment  of  a qualitative  and  quantitative  definition  of  each 
parameter.  In  most  cases)  the  parameter  in  question  con  be  defined  by  the  mathe- 
matical models  presented  in  Sections  2.3.2,  2. 5,  and  2. 0.  If  the  prediction  Is  being 
performed  in  compliance  with  a customer  statement  of  work  defining  the  parameter 
to  be  analyzed,  It  must  be  determined  If  the  stated  parameter  Is  consistent  with  the 
equivalent  parameter  defined  in  Section  2.  If  not,  the  prediction  models  must  bs 
changed  accordingly.  As  part  of  the  parameter  evaluation,  it  must  be  determined 
which  elemental  maintenance  tasks  (e.g. , preparation,  isolation,  etc.)  are  to  be 
included  in  the  analysis  and  which  are  to  be  exoluded. 

For  a system  which  includes  redundancy,  non  mission  critloal  elements,  or 
degraded  operating  modes,  the  failure  state(s)  for  which  the  maintainability  param- 
eter Is  to  be  evaluated  must  be  defined.  For  simple  oases  such  as  non  essential 

bI  Preceding  page  blank 


equipments,  the  evaluation  Is  simply  performed  with  the  exclusion  of  the  non  essential 
equipment.  For  more  complex  situations  such  as  redundancy,  the  redundant  equipments 
are  first  evaluated  Independent  of  any  redundancy  considerations,  and  then  the  redun- 
dancy is  evaluated  using  standard  techniques  such  as  Reliability  Handbook  by  B.  A.  Kozlov 
and  1.  A.  Ushakov. 

The  last  aspect  of  this  step  is  to  explicity  define  the  maintenance  level  for  whloh 
the  prediction  is  being  made.  If  the  level  is  defined  in  termB  of  a specific  mainte- 
nance organization  (e.g. , direct  support  unit,  depot,  eto.)  then  the  tasks  to  be  per- 
formed are  readily  defined  by  the  maintenance  concept  as  described  in  the  following 
section.  If  the  level  is  defined  by  operating  level  or  location  (e.g. , on-site,  flight- 
line  eto.),  then  this  level  must  be  redefined  in  terms  of  the  maintenance  organlzation(s) 
performing  maintenance  at  that  level/location.  For  example,  the  maintenance  oonor.pt 
for  a given  Air  Force  system  may  ho  repair  on-site  by  a combination  of  organizational 
and  intermediate  level  maintenance  personnel,  depending  on  the  nature  of  the  support 
required.  In  this  case  it  must  be  determined  whether  the  maintainability  parameter 
is  to  be  computed  for  the  two  maintenance  organizations  as  a single  entity  or  whether 
it  is  to  be  computed  separately  for  eaoh  organization. 

5.1.2  Maintenance  Concept  Definition 

The  maintenance  concept  must  be  established,  so  that  In  conjunction  with  a defini- 
tion of  tlie  prediction  requirements  (refer  to  previous  section),  a baseline  1b  estab- 
lished whloh  defines  the  prediction  to  be  performed.  This  step  amplifies  the  preced- 
ing step  by  explicitly  defining  the  who,  where,  what  and  when  of  maintenance.  Depend- 
ing on  the  state  of  the  maintenance  engineering  effort  associated  with  a particular 
program,  the  maintenance  concept  oan  be  derived  from,  or  used  to  generate  a mainte- 
nance allocation  chart  (MAC), 

With  respect  to  the  maintainability  prediction,  the  primary  output  of  the  mainte- 
nance concept  is  the  definition  of  how  a repair  is  effected  and  what  the  replaceable  items 
are.  Specific  questions  which  will  be  answered  ares 

1.  Does  the  same  maintenance  organization  perform  all  maintenance  aotions 
(e.  g. , isolation  vs  replacement)  ? 

2.  What  is  the  replacement  level  (1.  e. , equipment,  unit,  module,  pleoe  part, 
etc . ) ? 

3.  Is  repair  effeoted  by  single  RI  replacement  or  group  R1  replacement  ? 
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4.  For  group  replacement,  Is  the  entire  group  replaoed  or  la  Iterative  replace- 
ment used? 

5.  How  many  maintenance  men  are  available  and  what  are  their  skill  levels? 

As  part  of  the  above  process,  a complete  set  of  replaceable  Items  Is  identified. 

If  the  maintenance  concept  allows  for  fault  Isolation  to  a group  of  RIs  and  repair  by 
group  replacement,  then  the  RI  groups  can  be  reclassified  aa  RIs  If  each  of  the  groups 
la  Independent  of  other  groups. 

5.1.3  Fault  Detection  and  Isolation  Output.  Identification 

This  step  involves  the  identification  of  all  the  "outputs"  which  are  used  in  the 
fault  deteotlon  and  isolation  prooess.  Normally  the  fault  detection  and  Isolation  pro- 
cesses are  segregated.  However,  for  purposes  of  maintainability  prediction,  the 
fault  detection  methodology  is  considered  as  the  first  step  of  fault  isolation  and  is 
properly  Included  as  a part  of  the  isolation  capability.  Any  time  associated  with  fault 
detection  (e.g. , mean  fault  detection  time)  is  normally  excluded  from  the  prediction 
model. 

The  term  fault  deteotlon  and  Isolation  outputs  is  defined  as  those  iudioations, 
symptoms,  printouts,  readouts,  or  the  results  of  manual  procedures  which  separately 
or  In  combination  identify  to  the  maintenance  technician  the  procedure  to  follow  in 
performing  maintenance. 

These  outputs  will  vary  in  form,  format,  complexity  and  data  oontent  from  system 
to  system  and  some  will  be  more  obvious  than  others.  The  maintenance  actions  taken 
In  response  to  these  outputs  may  depend  upon  the  system  maintenance  environment  and 
the  system  operating  criticality.  For  example,  a system  might  have  a set  of  idiot 
lights  which  isolate  to  the  most  probable  unit  and  also  have  a comprehensive  semi- 
automatic BIT  routine  which  isolates  to  a single  Rl  within  the  unit.  If  the  system  is  in 
a low  criticality  environment,  the  maintenance  concept  might  be  to  always  use  the  BIT 
to  isolate  to  a single  RI.  However,  if  the  system  1b  in  a high  oritioality  environment 
where  downtime  is  crucial,  the  idiot  lights  may  be  the  primary  fault  isolation  output 
with  repair  by  replacement  of  the  most  probable  unit.  It  is  important  therefore,  not 
only  to  identify  the  outputs  but  also  to  ensure  that  the  outputs  ldontifled  are  the  ones 
that  will  be  used  In  the  Intended  environment. 

Some  of  the  more  common  generic  fault  deteotlon  and  isolation  outputs  are  > 

1.  Indicator  light  or  annunoiator 

2 . Diagnostic  or  BIT  readout/printout 

3 . Meter  readings 
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4.  Circuit  breaker  and  fuse  indicators 

5.  Display  presentation 

6.  Alarms 

7.  Improper  system  operation 

8.  Improper  system  response 

9.  System  operating  alerts 

To  apply  the  prediction  methodology  presented  herein,  identify  all  unique  fault 
detection  and  Isolation  outputs  (single  outputs  or  combinations)  whloh  will  be  used  by 
the  maintenance  technician.  This  may  be  an  iterative  prooess  for  a system  with 
ambiguous  fault  Isolation  (refer  to  the  detailed  prediction  example  In  Appendix  F). 

The  predictor  should  first  identify  all  primary  unique  outputs  upon  whloh  the  mainte- 
nance technician  relies  to  make  decisions  on  the  repair  methodology  (e.  g. , perform 
adjustment,  replace  HI,  proceed  to  a different  method  of  fault  isolation,  etc.). 
Secondary  outputs  should  then  be  Identified  for  those  oases  where  the  primary 
output  yielded  a result  which  did  not  oorreot  the  problem  and  further  Isolation  is 
required. 

6. 1*  4 FD&I  Outputs  and  Hardware  Correlation 

The  key  to  this  prediction  methodology,  and  by  far  the  most  demanding  of  the 
prediction  tasks,  is  the  establishment  of  a correlation  between  the  FD&I  Outputs  as 
defined  in  the  preoeedlng  paragraph,  and  the  hardware  for  which  the  prediction  la  being 
made.  This  step  demands  a thorough  understanding  of  the  system  hardware  and  soft- 
ware, and  of  the  FD&I  features  inherent  to  the  system  (i.  e. , hardware  and  software 
monitoring  and  diagnostic  capabilities). 

This  task  oan  be  accomplished  either  from  the  top  down  or  bottom  up.  The  top 
down  approach  involves  a fault  tree  technique  where  the  top  of  the  tree  is  each  unique 
FD&I  output;  the  next  tier  identifies  the  FDftl  feature(e)  whloh  oan  yield  the  subjeot 
output;  and,  the  bottom  tier  identifies  the  RIs  or  partial  Rls  whloh  upon  failure  would 
be  detected  and/or  isolated  by  the  subject  FD&I  feature.  The  bottom  up  approach 
involves  identification  of  olrcultry  (in  terms  of  RIs)  associated  with  each  FD&I  feature, 
and  the  analysis  of  how  a failure  (1.  e.  no  go)  of  eaoh  FD&I  feature  presents  itself  to 
the  operator/malntalner  in  termB  of  a FD&I  output. 

Either  approaoh  requires  die  same  five  steps  to  be  performed; 

1.  Identify  all  FD&I  features 

2.  Identify  the  cirouitzy  associated  with  eaoh  feature 

3.  Identify  the  FD&I  sequencing 
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4.  Establish  ihe  RI  failure  rate  associated  with  each  FD&I  feature 

5.  Correlate  the  FD&I  features  with  the  FD&I  outputs 
FD&I  features  are  those  hardware/software  elements,  or  combinations 

thereof,  which  generate  or  cause  to  be  generated  each  FD&I  output.  Typical  features 
include  diagnostic  program  routines,  BIT  routines,  BITE,  performance  monitoring 
programs,  status  monitors,  and  test  points.  These  items  normally  correlate  on  a 
one-to-one  basis  with  the  FD&I  outputs.  FD&I  by  operator  observation  of  improper 
system  response  or  improper  system  operation  oannot  normally  be  associated  with 
any  specific  FD&I  feature. 

After  the  FD&I  features  are  Identified,  tho  circuit  schematics  are  mapped  to 
identify  the  components  tested  or  verified  by  each  feature.  A sample  mapping  is 
shown  In  figure  58.  The  mapping  Is  then  translated  Into  a matrix  &s  shown  In 
\ figure  59.  The  matrix  Identifies,  for  each  FD&I  feature,  the  Rls  and  components 
\ which  are  teeted/verified  by  that  feature.  Also  included  in  the  matrix  is  an  identifier 
Vvhioh  defines  the  order  in  which  the  FD&I  features  are  utilized  during  the  isolation 
process. 

\ The  matrix  is  used  to  identify  the  failure  rate  of  each  RI  associated  with  eaoh 
feature.  The  first  FD&I  feature  is  examined  end  the  falluro  rate  of  eaoh  oomponent 
associated  with  that  feature  is  entered  in  the  matrix  under  that  feature.  The  seoond 
feature  Vs  then  examined,  eto.  If  a component  1b  tested/verified  by  more  than  onB 
feature,  the  falluro  rate  is  assigned  bo  the  first  feature  whloh  would  result  In  a 
"no-go"  result.  If  different  tests  of  the  some  component  oheok  different  failure  modes, 
then  the  failure  rate  is  apportioned  to  each  feature  based  on  the  relative  occurrence  of 
nneh  failure  mode.  In  completing  the  matrix,  the  failure  rates  for  the  components 
undnr  each  FD&I  feature  are  summed  together  and  entered  as  the  failure  rate  for  the 
RI  chocked  by  that  particular  feature.  Those  components  which  are  not  lnoluded 
under  any  FD&I  features  represent  undetected  failures  or  failures  not  isolated  with 
the  FD&I  features  (1.  e. , they  require  manual  hunt  and  peck  type  fault  Isolation).  The 
failure  rate  of  the  undetected  failures  is  noted  In  the  appropriate  column  of  tho  matrix 
ns  is  that  portion  isolatable  by  means  other  than  the  dedicated  FD&I  features  (e.  g. , 
operator  observations  of  improper  system  response). 

In  those  oases  where  tho  exact  failure  rate  of  the  nth  RI,  which  can  result  In  the 
jth  FD&I  output,  Is  not  know,  the  failure  rate  (or  unknown  portion  thereof)  can  be 
evenly  distributed  among  the  corresponding  FD&I  outputs  as  an  approximation  of  the 
actual  distribution. 
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Figure  59.  Matrix  for  Correlating  FD&l  Features  .with  Rli 


Dm  next  step  In  the  correlation  prooeaa  la  to  associate  the  FDliI  features  with 
the  FDfcl  outputs.  This  is  aooompUshed  ualng  a fault  tree  type  diagram  suoh  as  the 
sample  shown  in  figure  60.  The  top  of  the  tree  constats  of  all  FD&l  outputs; 
the  second  tier  contains  the  FD&I  features  which  separately  or  jointly  result  in  tho 
given  FD&I  output;  and,  the  bottom  tier  presents  the  Rla  associated  with  each  FD&I 
feature  and  the  failure  rate  associated  with  that  feature.  The  circles  are  used  to 
assign  numbers  to  all  unique  FDItl  outputs.  Ihe  triangles  identify  the  order  in  which 
ills  axe  replaced  when  the  maintenance  policy  oalls  for  iterative  replacement. 
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Figure  60.  Sample  FD&I  Correlation  Tree 


6.1.6  RI  and  FD&I  Output  Correlation 

The  results  of  the  proceeding  section  are  summarized  in  a matrix  which  shows 
the  relationship  between  the  RIs  for  which  the  prediction  Is  being  performed  and  the 
total  set  of  FD&I  outputs.  The  matrix  (refer  to  figure  61)  Identifies  the  RIs  across 
the  top  and  the  unique  FD&I  Outputs  down  the  left  oolumn.  (The  matrix  can  also 
be  shown  with  the  rows  and  columns  reversed  for  convenience. ) In  reference  to  the 
math  models  (refer  to  Section  2.3. 2)  the  RIs  are  the  "n"  parameters  and  the  Outputs 
are  the  "J"  parameters.  Each  RI  column  is  further  divided  Into  three  columns; 

Knj’  V and  RnJ* 
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Under  each  RI  column,  enter  the  failure  rate  (x^)  of  thB  RI  that  could  roBult  In 
the  jth  output.  Now,  for  eaoh  unique  output  whloh  ha*  only  one  RI  associated  with  It, 
enter  a 1 In  the  oolumn  for  that  combination.  For  those  outputs  whloh  are 
associated  with  2 or  more  Rls,  the  value  depend*  on  the  maintenance  oonoept.  If 
the  maintenance  oonoept  is  group  RI  replacement,  enter  under  the  number  of  Rls 
aBSooiated  with  each  output.  For  example,  If  three  Rls  could  contribute  to  the  same 
FD  &I  output,  then  a a 1*  entered  In  the  for  eaoh  of  those  RI*.  If  the  maintenance 
concept  Is  Iterative  replacement,  then  Is  assigned  based  on  the  order  of  replace- 
ment. That  Is,  the  first  RI  to  be  replaced  upon  recognition  of  the  subject  FD&I  output 
ts  designated  as  » 1,  the  second  ■ 2 and  so  forth.  The  typical  assignment  of 
values  for  eaoh  Is  based  on  the  relative  failure  rates  of  the  Rls.  with  the  highest 
failure  rate  RI  assigned  as  the  first  replacement  Item. 


6.1.6  Prepare  Maintenance  Flow  Diagram 

A maintenance  flow  diagram  (MFD)  la  prepared  to  establish  the  values  for 
Insertion  In  the  Maintenance  Correlation  Matrix  (figure  61).  The  MFD  Is  pre- 
pared to  Illustrate  the  sequencing  of  maintenance  as  performed  by  the  designated 
maintenance  technician.  The  symbols  used  In  the  MFD  arei 

| Starting  Point  (1.  e. , Fault  Ooours  it  Detected)  or  Ending  Point 

M 

3®  Activity  Block.  The  top  of  the  blook  inchoates  a specific 

maintenance  activity  and  the  bottom  indicates  the  time  associated 
with  that  aotlvlty.  This  is  the  only  symbol  that  denotes  time. 

PFD&I  Outputs.  Designates  the  primary  or  secondary  unique 
FD&I  output  which  defines  the  subsequent  maintenance  activity 
to  be  performed.  The  "j"  associated  with  the  output  Is  entered 
In  the  olrole. 

Decision  Point.  Defines  a point  in  the  maintenance  flow  at  wliioh 
time  the  maintenance  technician  must  make  a decision  on  whioh 
subsequent  path  to  take. 

Path  Identifier.  Uniquely  identifies  each  path  by  unique  RI  (n),  and 
FD&I  Output  0). 

Continuation.  Designates  continuation  from  or  to  another  place 
In  the  maintenance  flow  diagram. 

The  MFD  (as  Illustrated  in  figure  62)  starts  on  the  left  hand  side  of  the  figure 
us  a "Fault  Ooours  and  Detected"  event.  If  isolation  is  Inherent  in  fault  detection,  the 
next  item  Bhown  in  the  MFD  is  the  unique  FD&I  outputs.  If  Isolation  Is  not  Inherent  In 
detection,  the  next  item  in  the  MFD  Is  the  fault  detection  output.  This  would  bo  followed 
by  activity  blooks  whioh  define,  the  prooedure  followed  to  aohieve  fault  isolation.  The 
fault  Isolation  aotlvlty  blook(s)  would  then  be  followed  by  the  unique  primary  FD&I 
outputs  associated  with  the  aforementioned  fault  detection  output  and  associated  fault 
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isolation  activity.  Following  the  FD&I  Output  symbols  are  shown  the  activities 
required  for  fault  correction  and  repair  vorlfioadon. 

If  a FD&I  Output  results  in  non-ambiglous  maintenance  (1.  e. , primary  Isolation 
to  a single  RI,  or  group  RX  replacement),  then  an  "End"  symbol  will  dlreotly  follow 
the  fault  correction  and  verlHoatlon  activities.  If  a FD&I  Output  results  in  an 
ambiguous  result,  a verification  decision  block  is  shown  after  eaoh  verification 
activity  (except  the  last).  Any  activity  (a.g. , clean  up)  performed  after  a positive 
verification  deolalon  is  shown  in  an  activity  blook(s)  between  the  deolslon  block  and 
the  End  symbol.  Associated  with  eaoh  End  symbol  la  a path  identifier  which  uniquely 
identifies  eaoh  path  by  RI  and  FD&I  output.  For  example,  the  path  associated  with 
the  second  RI  and  FD&I  Output  #12  would  be  designated  as  2, 12. 

The  values  inserted  in  tbs  Maintenance  Correlation  Matrix  are  computed  by 
adding  the  times  associated  with  eaoh  activity  block  from  the  "Fault  Occurs  and  Detected" 
event  to  the  "end"  event  for  the  subject  (n,])pair.  Note  that  only  the  activity  blocks 
have  times  associated  with  them.  Tho  time  entered  In  the  individual  activity  blocks  Is 
computed  from  a time  line  analysis  prepared  in  accordance  with  section  5. 1. 7. 

Elemental  times  entered  In  the  time  line  analysis  are  extracted  from  the  following 
sources  In  the  order  glvem 

1,  Actual  times  experienced  on  the  subject  equipment. 

2.  Standard  times  from  Seodon  4. 8. 

3,  Actual  times  experienced  on  similar  equipment. 

4.  Engineering  Judgment. 

Id  the  establishment  of  the  time  line  analyses,  the  number  of  maintenance  men 
muet  be  ooneldered.  For  example,  if  a given  equipment  has  two  technicians  per- 
forming maintenance,  one  technician  may  perform  disassembly  to  achieve  access  to 
the  faulty  RI  while  the  second  teohnloian  simultaneously  rstrieves  a spare  RI.  In  the 
maintenance  flow  diagram,  this  would  show  as  a single  maintenance  activity  with  the 
associated  time  being  the  elapsed  clock  time.  If  the  parameter  of  interest  was  MMH/ 

OH,  Instead  of  MTTR,  then  the  time  entered  In  the  activity  block  would  be  the  combined 
MMH  In  lieu  of  the  elapsed  time. 

8,1,7  Time  Line  Analysis 

The  estimated  times  used  in  the  two  prediction  methodologies  are  synthesized 
using  a time  line  analysis  method.  A time  lino  analysts  oonststs  of  computing  the 
total  elapsed  time  of  a maintenance  notion  by  accounting  for  the  time  required  to 
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perform  eaoh  step.  The  procedure  for  performing  a time  ltne  analysis  is  aa 
follows: 

1.  Identify  each  task  that  comprises  the  maintenance  action. 

2.  Determine  the  time  required  to  perform  eaoh  task  by  either  actual  times, 
maintenance  time  standards,  time  studies,  or  engineering  judgement. 

3.  Determine  which  actions  aan  be  done  simultaneously  if  more  than  one 
maintenance  personnel  is  available* 

4.  Determine  the  overall  time  to  perform  the  maintenance  action  by  summing 
up  eaoh  time  to  perform  each  action. 

Figure  63  is  an  example  of  how  a time  Is  synthesized  for  a simple  physical 
task.  The  time  associated  with  each  task  is  extracted  from  the  table  of  maintenance 
time  standards  shown  In  table  48. 


HI  NAME.  MODULE  (T/R)  ELEMENT  MAINTENANCE  ACTION.  INTERCHANGE 


Figure  63,  Example  Time  SyntlieiU  Analyiii 


The  time  line  analysis  is  also  very  helpful  when  analyzing  the  difference  in  repair 
time  due  to  tho  number  of  maintenance  personnel  available.  Figure  64  and  65  are 
the  time  line  analyses  of  the  same  maintenance  action  with  two  different  manpower 
levels. 
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Figure  64,  Time  Line  Analysis  of  the  Time  Required  to  Interchange  a Group  of  5 RIs  from 
2 Different  Accesses  Using  One  Maintenance  Man 
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Figure  63,  Time  Line  Analysis  of  the  Time  Required  to  Interchange  a Group  of  5 Rli  from  2 
DIticmil  Accesses  Using  Two  Maintenance  Men 


5.1. 8 Compute  Maintainability  Parameters 

Once  the  MFD  and  Maintenance  Correlation  Matrix  have  been  completed,  it  is  an 
easy  matter  to  compute  the  desired  maintainability  parameter(s).  For  example: 

1.  Mean  Repair  Time  of  nth  Rl 

J 



EXn, 

]-l 


2.  Equipment  MTTR 
N 

Evv 

MTTll  = — 


Note  that  MTTR  and  are  computed  on  the  basis  of  detectable  failures. 


i 


3.  Percent  Isolation  to  a Single  RI 


h 


K 


n=l  j=l 


x 100 


X.  » failure  rate  associated  with  the  kth 
K FD&l  Output  which  rosults  in  isolation 
to  a single  RI  (i.  e. , K ^ * 1) 


4.  Percent  Isolation  to  a Group  of  N or  LeaB  RIs 


k-1 


N N J 

LLx, 

n=l  j**l 


x 100 


\k  = failure  rate  associated  with  the  kth 
K FDStI  Output  which  resultB  in  isolation 
to  N or  less  RIs  (i.e.,  K j =>  1 . ..  N) 
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5.2  EARLY  PREDICTION  PROCEDURE 

The  tasks  involved  in  performing  an  early  prediction  aret 

1.  definition  of  the  prediction  requirements 

2 . definition  of  the  maintenance  concept 

3.  determination  of  the  prediction  parameters 

4.  selection  of  the  models 

5.  computation  of  the  MTTR 

The  tasks  mentioned  above  are  expanded  upon  in  more  detail  in  the  following 
subsections.  Sample  predictions  are  provided  in  Appendix  G. 

5.2.1  Definition  of  the  Prediction  Requirements 

This  step  is  the  same  as  that  required  for  a detailed  prediction.  Refer  to 
section  5.1.1. 

5.2.2  Definition  of  the  Maintenance  Conoept 

This  step  is  the  some  as  that  required  for  a detailed  prediction.  Refer  to 
seotlon  5. 1. 2. 

5.2.3  Determination  of  the  Prediction  Parameters 

This  task  involves  the  tabulation  and  computation  of  the  data  necessary  for  the 
prediction  models.  The  data  necessary  to  perform  this  type  of  a prediction  arei 

1.  configuration  index  defining  the  primary  RIs 

2 . the  failure  rate  (predicted  or  estimated)  aBBoolated  with  each  RI 

3.  the  basic  fault  isolation  test  methodology  of  each  RI 

4.  die  replacement  concept  (if  fault  isolation  Is  to  a group  of  RIs) 

5 . the  packaging  philosophy 

6.  the  fault  Isolation  resolution,  either  estimated  or  required  (e.  g.  x%  to 
1 RI  or  average  RI  group  size) 

Forms  similar  to  the  ones  in  figures  66  and  67  should  be  used  for 
the  data  collection  process. 

Data  is  collected  on  Forms  A and  B at  the  level  for  which  MTTR  predictions  are 
performed.  For  example,  if  a repair  time  Is  computed  for  every  equipment  within  a 
system,  then  a separate  data  collection  form  should  be  used  for  each  equipment.  The 
data  may  be  tabulated  on  one  data  collection  form,  If  the  RIs  are  given  In  general 

d 

terms,  (e.g.  computer  memory,  15  CCAs,  XT  « 150  failures/10  hours)  to  avoid 
unnecessary  paper.  Data  should  be  tabulated  as  follows: 


1.  First  tabulate  all  the  primary  RIs  and  their  associated  failure  rates  tn  the 
respective  columns  of  form  A (figure  66).  An  example  of  a computed  form  A 
is  provided  In  table  G-5  of  Appendix  G. 

2.  Next  described  all  the  unique  types  (v)  of  performing  each  elemental  activity 
(m)  on  form  B (figure  67).  Note  that  some  maintenance  aotions  (or  predictions 
thereof)  do  not  require  that  all  the  maintenance  elements  be  Included.  These 
elements  should  be  excluded  from  form  B.  Table  G-4  of  Appendix  G is  an 
example  of  how  each  unique  activity  should  be  entered. 

a.  Next  enter  the  appropriate  number  of  headings  (V  ) for  eaoh  elemental  activity 
typo  along  the  top  of  form  A. 

4.  For  each  unique  activity  type  (m,v),  synthesize  times  (T  ) ustng  actual  times, 
time  standards,  time  studies,  or  engineering  judgment,  and  denote  them  in  the 
respective  column  of  form  B . 

5.  Next  denote  tho  associated  failure  rate  of  each  RI,  with  the  corresponding 
activity  type(8)  that  pertains  to  it  on  form  A (refer  to  Table  G-5). 

The  two  completed  RI  data  sheets  (A  and  B)  provide  the  basts  for  the  early  predic- 
tion technique.  Once  they  have  been  completed  the  submodels  oan  now  be  applied. 

How  the  data  is  used  depends  on  which  submodels  are  selected.  The  submodel  selections 
are  covered  In  the  next  section. 

B.2.4  Selection  of  the  Prediction  Models 

The  general  form  of  the  prediction  model  is 


whore: 


M 

MTTR  - Tp  ♦ *,,,  + tSR  * ♦ Ta  ♦ T co  ♦ Tgr  • £ * „ 

m*=l 


tfc  “ rD  + TI  + tr 


Variations  of  the  model  will  be  limited  to  the  deletion  of  one  or  more  elemental 
activity  terms  where  appropriate. 


FIGURE  66.  El  DATA  ANALYSIS 


Tha  aalectton  of  the  submodels  to  predict  the  vartous  elemental  times  ts  depend - 
ent  upon  the  maintenance  concept  Imposed.  Tables  52  and  53  summarize  the  forms 
of  each  sub-model  for  the  various  maintenance  philosophies  that  can  occur.  Note 
that  some  elemental  maintenance  times  may  be  constant  over  all  the  RIb.  Therefore, 
the  failure  rate  weighting  model  la  not  really  necessary.  Instead  (he  average  time 
can  be  oomputed  by  synthesising  the  time  required  to  perform  the  task. 

The  models  presented  In  Table  52  are  of  a general  form  and  generally  can  be 
applied  to  any  equipment  level  (l.e. , system,  subsystem,  equipment,  unit,  etc). 

The  only  limitation  la  that  If  §Q  or.Sj  are  oomputed,  the  prediction  level  must  he 
consistent  with  the  RI  grouping  ground  rules  presented  In  section  5.2.5. 1.  Otherwise, 
the  elemental  activity  submodels  are  applied  as  ths  lowest  level  for  which  an  MTTR 
prediction  is  desired.  Higher  level  MTTR  estimates  are  found  by  a failure  rate 
weighted  average  of  the  lower  levels.  For  example,  the  model  to  oompute  a system 
level  MTTR,  and  equipment  level  MTTRs,  for  a system  containing  "D"  equipments 
would  bet 


D 

E vrrai<i 

“TTH.y.  ■ Ja~E 

d-l 

wherei 

D - quantity  of  equipments  contained  Is  the  system 

th 

X . - the  failure  rate  of  the  d equipment 

a |k 

MTTR . 111  the  mean  time  to  repair  of  the  d equipment 
a 

and 


MTTRd- 


If 
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TABLE  63.  DEFINITION  OF  EARLY  PREDICTION  MODEL  TERMS 

iV 

- time  required  to  prepare  a system  for  fault  i eolation  using  the  v method 

- time  required  to  isolate  a fault  using  the  v method 

- time  required  to  obtain  a spare  using  the  v method 

- time  required  to  perform  disassembly  using  the  vth  method 


- time  required  to  perform  reassembly  using  the  v”1  method 
~ time  required  to  interchange  an  RI  using  the  v**1  method 


- time  required  to  align  or  calibrate  an  RI  using  the  v method 

- time  required  to  check  a repair  using  the  method 

th 

- time  required  to  start  up  a system  using  the  v method 

th 

- failure  rate  of  Rls  associated  with  the  v method  of  performing  preparation 

th 

- failure  rate  of  His  associated  with  the  v method  of  performing  fault 
iuolation 

th 

- failure  rate  of  Rls  associated  with  the  v method  of  performing  spare 
retrieval 

th 

- failure  rate  of  Rls  associated  with  the  v method  of  performing  disassembly 

- failure  rate  of  Rls  associated  with  the  v^1  method  of  performing  reassembly 

- failure  rate  of  Rls  associated  with  the  v^1  method  of  performing  interchange 

- failure  rate  of  Rls  associated  with  the  method  of  performing  alignment 

th 

- failure  rate  of  Rls  associated  with  the  v method  of  performing  checkout 

- failure  rate  of  Rls  associated  with  the  v*  method  of  performing  start-up 

- the  number  of  unique  ways  to  perform  preparation 

- the  number  of  unique  ways  to  perform  fault  isolation 


ns*- 
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TABLE  53.  DEFINITION  OF  EARLY  PREDICTION  MODEL  TERMS  (Con»t) 


VD„  - the  number  of  unique  ways  to  perform  spare  retrieval 

on 

Vp  - the  number  of  unique  ways  to  perform  disassembly 

V_  - the  number  of  unique  ways  to  perform  reassembly 

n 

Vj  - the  number  of  unique  ways  to  perform  interchange 

V , - the  number  of  unique  ways  to  perform  alignment 

V,  - the  number  of  unique  ways  to  perform  oheok-out 

VgT  - the  number  of  unique  ways  to  perform  start-up 

SG  - the  average  number  of  RIs  contained  in  & fault  isolation  result 

Sj  - the  average  number  of  interchanges  required  to  corroot  a fault 

A - the  number  of  unique  accesses  (A  s VD  or  VR) 

A - the  average  number  of  unique  accesses  required  per  fault  Isolation  result 
K - the  failure  rate  of  the  RIs  that  require  the  a*  type  of  access 

ft 

\ T - the  total  system  failure  rate 

Td  - the  time  required  to  disassemble  the  ath  access 
ua 

T0  - the  time  required  to  reassembly  the  access 


* it  re 


5.2.6  Computation  ofjthe  MTTR 

Once  the  submodels  have  been  selected  the  data  tabulated  on  Forms  A h m 1 it  < | 
section  5. 2,  3 can  now  be  used  to  compute  the  average  times  for  each  elemental 
maintenance  task. 

The  MTTR  Is  computed  at  the  level  at  which  5(1  or  Q)  is  established.  For 
example  if  8(1  or  O)  can  be  estimated  for  eaoh  equipment  within  a system,  then  the 
lowest  level  that  the  MTTR  o&nbe  predicted  is  the  equipment  level.  Higher  level 
predictions  of  the  MTTR,  suoh  as  the  system  MTTR,  can  be  computed  by  taking  a 
failure  rite  weighted  average  of  the  equipment  MTTRs  within  tlm  system. 

Computation  of  repair  times  below  the  level  at  which  s (I  or  ill  ts  established  nuiv 
result  in  .m  huuouruto  uucount  of  repair  limes.  For  example,  If  S(|  or  G>  woie 
computed  at  the  system  level  und  MTTRs  wore  computed  ut  the  equipment  lovel, 
then  tile  computed  equipment  M’i’TRs  may  be  In  error  since  they  will  not  aocount  for 
ropatr  actions  that  may  involve  other  equipments.  Thereloro,  In  order  to  compute 
repair  times  at  lower  levels,  a value  for  §(I  or  G)  must  be  established  at  that  level. 

The  only  exception  to  the  above,  is  if  fault  isolation  is  down  to  a single  RI 
(B  a 1 for  the  entire  system,  equipment . . . ),  then  the  MTTR  may  be  computed  at  any 
level  since  ambiguities  between  RIs  do  not  exist.  Otherwise  the  following  criteria 
must  be  followed. 

In  order  to  compute  a repair  time  at  a givon  level,  a value 
for  S (I  or  G)  must  be  established  at  thaf  level. 

Once  the  lovel  at  which  the  repair  times  will  be  computed  has  been  established, 
the  models  selected  are  then  used  to  compute  the  times  for  each  elemental  activity 
at  that  level.  The  higher  level  repair  times  are  computed  by  a failure  rate  weigh  loci 
uverage  as  mentioned  previously.  * 

Values  for  SQ,  Sj,  A,  und/or  T^,  where  required  for  insertion  into  the 
elemental  activity  submodels,  should  be  computed  in  accordance  with  the  following 
subsections , 
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S.  2.5. 1 Method  of  Computing  3q  and  3j 

The  average  number  of  RIs  In  a fault  Isolation  result  (Sq)  and  tlio  average  number 
of  Iterations  required  to  correct  a fault  (§j>  play  an  Important  role  In  the  prediction 
of  MTTR  when  fault  Isolation  is  to  a group  of  RIs.  Two  methods  arc  presented  for 
computing  S(I  or  Q),  1)  compute  S(I  or  G)  using  the  specified  or  design  requirement:) 
or  2)  compute  §(I  or  G)  by  assessing  the  approximate  fault  Isolation  capabilities 
of  the  system/equipment. 

The  first  method  of  computing  §(I  or  G)  depends  upon  how  the  fault  Isolation 
requirements  are  specified.  If  the  fault  tsolatton  resolution  1b  specified  as  follows: 

to  s Nx  RIs 

X2%  to  s N2  RIs,  but  > N1  RIs 
X3%  to  s Ng  RIs,  but  > Na  RIs 
and  X1  + X2  + Xg  ■=■  100% 

■*  . 


If  the  fault  Isolation  requirements  are  speoifled  as  follows: 

Xj%  to  s Nx  RIs 

X2%  to  < N2  RIs 

100%  to  < Ng  RIs 

where  Xj%  < X2%  < 100% 

- xi  ^r~)*  (x2-xi)  * (m-xJ'-l—L--) 


The  predicted  MTTR  using  this  method  of  computing  S Is  based  on  the  assumption  thut 
the  specified  fault  Isolation  requirements  have  been  (or  will  bo)  met,  i'he  resulting  jirodlo- 
tlon  is  the  inherent  MTTR  that  will  be  realized  by  achieving  the  spool  lied  requirements. 


— * 


This  approach  is  valuable  during  the  early  stages  of  equipment  development  for 
purposes  of  allocation  and  assessment  of  the  requirements  facility.  This  approach 


should  not  be  used  when  data  is  available  on  the  actual  fault  Isolation  characteristics. 
The  second  method  of  computing  S(I  or  G)  involves  an  analysts  of  the  fault  isolation 
characteristics  of  the  subject  equipment/system  as  followBi 

1.  prepare  a simple  block  diagram  depleting  the  system  and  how  eaoh  major 
function  Is  related  (i.  e.  show  functional  interfaces).  As  an  example  refer  to 
the  data  processing  and  display  subsystem  block  diagram  of  figure  0-2  In 
Appendix  G. 

2.  Group  the  functions  (RIs)  Into  "0"  HI  sets  such  that: 

• an  estimate  of  the  fault  isolation  oan  be  determined  for  eaoh  R1  Bet 

• eaoh  HI  set  is  Independent  of  any  other  HI  Bet 

• eaoh  El  set  established  Is  the  smallest  set  that  oan  be  established 

For  example,  figure  G-3  of  Appendix  G shows  how  the  RIs  for  the  DP&D 
subsystem  can  be  grouped.  • 

3.  For  each  HI  set  (g)  estimate  the  average  fault  Isolation  resolution  or  the 
average  number  of  His  per  fault  isolation  result  depending  on  the  maintenance 
philosophy  In  question  (S^  If  Iterative  replacement,  If  group 
replacement) 


4. 


Compute  the  average  §<I  or  G)  for  the  Bystem  using  a failure  rate  weighted 
model. 


§(I  or  0) 


G 


g=l 


\ a 

g g 


G 

Z 

g“l 


g 


If  the  repair  times  are  computed  at  lower  levels  then  the  overall  S does  not 
have  to  be  oomputed. 

6. 2. 6. 2 Computation  of  A,  To,  and  Tr 

The  average  number  of  accesses  (disassemblies  and  reassemblies)  required  per 
fault  Isolation  result  (A)  can  be  oomputed  as  follows: 
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and, 


A « -2^- 


A 

Z-/  g g 


a 

E 

g-i 


~ xga* 


where i 
A 


the  average  number  of  aooesses  required  per  fault  Isolation  result  In  the 

H it 

g RI  set,  ("G"  RI  sets  established  the  same  way  as  was  done  for  S) 

XU 

P^a  - the  probability  that  the  a access  will  be  required  for  any  random  fault 
Isolation  result 

th 

A„  - the  number  of  unique  aooesses  in  the  g RI  Bet 

5 th 

Ag  “ the  failure  rate  of  the  ills  located  lb  the  g RI  set 

\ °*  the  failure  rate  of  the  RIs  looatod  in  the  a*h  aoooss  location  of  the  g^  RI  set 

9g  > average  number  of  Ills  per  fault  isolation  result  for  the  g RI  set 


The  computation  of  Ttj  and  is  exactly  like  the  method  used  for  A with  oue 
modification.  Each  probability  is  multiplied  by  its  appropriate  disassembly  or 
reassembly  time.  The  equation  for  Tjj  or  f ^ isj 
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and, 


where: 


the  Bame  equations  also  hold  true  for  reassembly,  (TL  ) 

ff 


where: 

Td  1=3  the  disassembly  or  reassembly  time  for  the  ath  uooess  of  the  gth  Hi  aul. 
ga 

Note  here  alBo  that  tf  the  RIs  are  grouped  Into  Just  one  set  Instead  of  G sets,  then 
all  the  subscripts  "g"  will  fall-out  and  the  failure  rate  weighting  of  the  g^  R1  sets  Is 
not  necessary. 

5 . 2 . G . 3 Determination  of  MTTR 

The  MTTR  can  now  bo  computed  by  summing  up  the  average  times  computed  iron: 
euoh  submodol.  Thus  the  MTTR  Is  expressed  us 


M. 

mttr  ° y 

m™l 


T 


m 
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If  the  repair  time  computed  Is  for  a Lower  level  then  the  higher  Level  repair  times 
are  computed  as  follows 

L 

2 X|  MTTRj 
MTTR  = 

E 

i =»i 

MTTR*  = mean  repair  time  of  the  lower  levels 

" ih 

h l » failure  rate  of  the  1 lower  level 
L “ quantity  of  lower  level  breakdowns 
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5.3  COMPATIBILITY  OF  THE  DETAILED  AND  EARLY  PREDICTION  PROCEDURES 

The  early  and  detailed  prediction  methodologtes  presented  In  this  report  are 
compatible  and  complementary  since  they  both  Incorporate  a time  synthesis  approaoh 
to  evaluate  repair  ttmes.  This  compatibility  Is  important  since  it  allows  a uniform 
approach  to  data  collection,  and  provides  the  capability  for  combining  the  two  pro- 
cedures when  a mixture  of  detailed  and  preliminary  data  Is  available. 

Figure  68  bolow  deplots  a timeline  of  the  phases  that  a system  goes  through 
from  start  to  end.  The  figure  shows  that  the  preliminary  model  is  applicable  through- 
out all  the  program  stages,  whereas  the  detailed  prediction  model  Is  only  applicable 
from  time  tj  to  tj.  The  Information  required  to  perform  a detailed  prediction  is 
usually  not  available  prior  to  tj.  The  method  presented  herein  is  a technique  to  utilize 
the  uvuilable  information  to  get  the  most  precise  maintainability  prediction  that  the 
data  will  allow.  The  general  form  of  the  model  isi 


MTTR(t)  = 


*p  MTTRp  + MTTRn 


where : 

MTTR(t)  “ predicted  MTTR  for  time  t of  a system's  program 
MTTR,p  *=  the  predicted  MTTR  of  that  portion  of  the  entire  system, 
using  the  early  prediction  methodology 
MTTRd  “ the  predicted  MTTR  of  only  the  Rls  that  have  enough  data 
available  to  perform  a detailed  analysis 
\D  = the  failure  rate  of  the  Rls  that  have  information 
available  for  detailed  analysts 
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Xp  = the  failure  rate  of  that  portion  of  the  system  for  which  the  early 
prediction  methodology  was  used 

XT  <=  the  failure  rate  of  the  entire  system  In  question  (equal  to  Xp  4 XD) 

Figure  69  demonstrates  how  the  precision  of  MTTR(t)  increases  as  time 
progresses.  The  shape  of  the  curve  between  tj  and  tg  is  dependent  upon  the  speed 
with  which  the  detailed  information  is  obtained  and  how  aocurate  the  early  prediction 
is  relative  to  the  final  value.  Time  tj  typically  ocours  at  a program's  critical  design 
review  and  tg  occurs  at  the  begging  of  a program's  production  phase. 

The  implementation  of  the  model  presented  here  allows  the  user  to  keep  track  of 
the  overall  system  maintainability  parameters  throughout  the  design  and  development 
of  a system.  By  using  this  teohnique  the  user  can  detect  whether  or  not  the  maintain- 
ability design  requirements  specified  will  be  met  before  the  Bystem  la  oomplete.  If 
the  maintainability  requirements  appear  that  they  will  not  be  mot,  then  the  designers 
can  be  informed  to  the  necessary  changes  before  it  is  too  late.  Thus  time  and  money 
can  be  saved  by  carefully  tracking  the  maintainability  parameters  throughout  a 
system's  development. 


Figure  69,  Precision  of  MTTR  Prediction  us  Time  Progresses 
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SECTION  6.0  CONCLUSIONS/RECOMMENDATIONS 


The  maintainability  prediction  methodology  presented  In  this  document  achieves 
the  objectives  for  which  it  was  intended.  It  provides  a technique  for  analyzing  the 
maintainability  of  modern  equipments/ systems  including  direct  accountability  of 
diagnostic/isolatlon/test  capabilities,  packaging,  replaceable  item  makeup  and  fail- 
ure rates.  The  methodology  can  be  applied  at  any  maintenance  level,  for  any  main- 
tenance conoept,  and  for  avionics,  ground  electronics  and  shipboard  electronics. 

The  Implementation  of  the  methodology  presented  here  &11owb  the  user  to  keep 
traok  of  the  overall  system  maintainability  parameters  throughout  the  design  and 
development  of  a system.  By  using  the  developed  techniques  the  user  oan  deteot 
whether  or  not  the  maintainability  design  requirements  specified  will  bo  met  before 
the  system  is  complete.  If  the  maintainability  requirements  appear  that  they  will 
not  be  met,  then  the  designers  can  be  informed  of  the  necessary  changes  before  it 
is  too  late.  Thus  time  and  money  can  be  saved  by  carefully  tracking  the  maintain- 
ability parameters  throughout  a system's  development. 

The  maintainability  prediction  methodology  is  divided  into  two  separate  pro- 
cedures) 1)  a detailed  procedure  for  use  when  detailed  design  and  support  data  is 
available,  and  2)  an  early  procedure  for  use  when  preliminary  design  data  1b  avail- 
able. Both  procedures  are  time  synthesis  techniques  and  both  use  the  same  general 
model  for  predicting  MTTR,  When  a combination  of  detailed  and  preliminary  data  Is 
available,  the  two  procedures  can  be  used  together  to  yield  a composite  estimate  of 
MTTR. 

In  addition  to  the  time  synthesis  type  of  early  prediction  procedure,  a second 
approaoh  using  multiple  regression  equations  was  attempted.  This  effort  produced 
regression  equations  which  showed  good  correlation  with  the  Bamplo  data  on  which 
tli  >y  were  based,  however,  use  of  the  equations  is  not  recommended.  The  equations 
are  very  Insensitive  to  design  factors  (e.g.  fault  isolation  automatlolty)  which  are 
obviously  important  maintainability  characteristics,  and  the  applicability  of  the  equa- 
tions to  equipmonts/eystema  other  than  the  ones  on  which  they  wero  based  is  unknown. 

The  detailed  prediction  procedure  can  produce  very  accurate  predictions  (limited 
only  by  the  quality  of  the  Input  data)  and  can  be  applied  at  any  hardware  level  for 
any  maintenance  concept.  The  early  prediction  procedure  yields  lesB  accurate  pre- 
dictions (limited  by  the  quality  and  quantity  of  input  data)  and  again  can  be  applied 
at  any  equipment  level.  The  models  used  in  the  early  prediction  procedure  are 
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dependent  on  the  specified  maintenance  philosophy  and  a Bet  o l seven  (7)  different 
models  are  used  depending  on  the  fault  isolation  resolution  and  repair  polloy. 

The  early  prediction  procedure  oan  be  applied  at  any  hardware  level,  however, 
the  accuracy  of  the  result  is  dependent  on  the  level  selected.  For  most  cases,  the 
early  prediction  procedure  requires  an  assessment  of  S (the  average  number  of  Ills  in  a 
fault  isolation  result  or  the  average  number  of  RI  replacements  required  to  oorreet  a mal- 
function), The  prediction  is  performed  at  the  level  Rt  which  I Is  established.  Higher 
level  predictions  are  computed  using  a failure  rate  weighted  average  of  lower  level 
predictions,  and  lower  level  predictions  oan  be  made  by  assuming  the  same  S applies 
at  lower  levels.  The  accuracy  of  the  prediotlon  la  directly  related  to  a level  at  whioh 
S oan  be  established)  the  lower  the  level  of  S'  the  more  accurate  the  prediction  results. 

The  maintenance  time  standards  provided  in  section  4 of  this  report  provide  a 
comprehensive  coverage  of  modern  packaging.  Periodic  updating  will  be  required  as 
new  packaging/construction  techniques  are  developed.  The  standards  are  applicable 
to  any  type  of  electronic  equipment  (l.e.  avionics,  ground  electronloB,  shipboard  elec- 
tronics) however  work  factors  may  have  to  be  applied  to  account  for  environment  dif- 
ferences (e.g. , ambient  temperature,  space  impediments,  work  platform  stability). 

Work  factors  for  space  impediments,  low  temperature  maintenance,  and  maintenance 
in  various  sea  states  were  examined.  Data  related  to  additional  work  factors  is  very 
limited  and  additional  studies  could  be  beneflolal  in  some  areas  such  as  airborne 
maintenance  and  maintenance  personnel  skill  levels. 

The  development  methodologies  are  complete  and  usable  as  presented.  Enhancement 
of  tho  methodology  could  be  provided  by  further  study  in  the  following  areas: 

1)  m depth  trials  of  both  the  detailed  and  oarly  prediction  procedures.  Sample 
predictions  were  performed  for  both  procedures  (refer  to  appendloies  F 

and  O)  however  these  cover  only  a limited  set  of  equipment  types,  maintenance 
environments,  and  maintenance  philosophies.  Further  studies  are  recom- 
mended to  investigate  and  verify  the  use  of  the  procedures  for  all  maintain- 
ability predictions. 

2)  Development  of  procedures  for  estimating  1.  The  early  prediction  procedure 
is  dependent  on  an  accurate  assessment  of  1.  Further  studies  are  recom- 
mended for  the  development  of  techniques  for  assessing  S based  on  early 
design  data  or  design  criteria. 
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3)  Development  of  computerized  techniques.  A computer  program  was  developed 
and  presented  for  the  calculations  of  Mmax  ($),  other  areas  of  the  presented 
methodology  are  also  amenable  to  computerization.  The  computation  of  S 
involves  the  calculation  of  a large  number  of  probabilities  which  could  be 
simplified  with  the  use  of  a simple  computer  program.  Likewise,  the 
determination  of  relationships  between  RIs  and  FD&I  outputs  is  a long  and 
tedious  task.  A considerable  savings  could  be  achieved  through  the  use  of 
computerized  failure  modes  and  effects  analyses  in  conjunction  with  the 
detailed  prediction  procedure.  Additional  time  savings  could  be  realized  by 
computerizing  some  of  the  prediction  bookkeeping  functions  such  as  time  line 
analyses,  computation  of  repair  times  from  the  maintenance  flew  diagram  and 
computation  of  failure  rate  weighted  averages.  Further  studies  are  recom- 
mended for  development  of  standard  computer  programs  to  perform  the  func- 
tions identified  above,  and  to  Investigate  and  develop  programs  for  other 
appropriate  aspects  of  the  prediction  methodology. 
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APPENDIX  A RESULTS  OF  COMPUTERIZED  STEPWISE  ANALYSIS  PROGRAM 
The  results  of  the  computerized  stepwise  regression  analysis  program  (SRAP) , 
which  provide  the  four  multiple  linear  regression  equations  presented  in  section  2.4. 1, 
are  shown  in  figure  A-l  through  A-4.  The  data  for  eaoh  of  the  four  equations  is  pre- 
sented in  two  parts.  The  first  part,  provided  In  the  "A"  portion,  presents  the  input 
data  and  the  regression  equation  parameters. 

The  input  data  is  provided  in  the  top  portion  of  the  "A"  figures  and  oontalns  the 
following: 

Number  of  Oases  - Defines  the  sample  size  of  the  data  set  evaluated, 

Total  Number  of  Variables  - Defines  the  number  of  variables  to  be  analyzed.  It 
is  equal  to  the  number  of  independent  variables  plus  1. 

Variables  - The  variables  to  be  analyzed  are  listed  with  the  dependent  variable 
listed  first.  The  mean  and  standard  deviation  of  eaoh  variable  are  computed  and 
listed. 

The  second  half  of  the  "A"  figure  provides  the  regression  equation  data  that  was 
outputted  on  the  last  step  of  the  SRAP.  Contained  in  this  output  are: 

Multiple  R - The  multiple  correlation  coefficient. 

Variables  in  Equation  - Identifies  the  variables  Included  In  the  resulting  regression 
equation  and  the  coefficient  of  eaoh  variable,  The  first  entry  Is  the  equation 
constant. 

The  "B"  port  of  eaoh  figure  summarizes  the  results  of  the  analysis  obtained  at 
eaoh  step  of  the  stepwise  regression,  For  eaoh  step  that  was  performed  the  following 
Information  is  given: 

Variable  Entered/ Removed  - This  entry  describes  whloh  variable  was  entered  or 
removed  at  eaoh  step. 

Multiple  It  and  Rgg  - This  entry  given  the  multiple  correlation  ooeffiolent  and  the 
square  of  the  multiple  correlation  ooeffiolont  that  was  computed  at  each  Interval. 
This  was  the  value  used  to  determine  whether  the  dependent  and  independent  var- 
iable showed  good  correlation,  (R  and  R squared  oau  vary  from  0 to  1). 

Increase  In  RflQ  - This  value  shows  the  Lnoreaae  in  the  square  of  the  multiple  cor- 
relation ooeffiolent  at  each  step  that  a variable  was  entered  or  removed. 

F Value  to  Enter  or  Remove  - This  value  Is  the  value  of  the  F statistic  for  the 
variable  that  la  entered  or  removed  at  euuh  step,  The  variable  with  the  highest 
F value  to  enter  Is  the  variable  that  produces  the  largest  increase  in  the  multiple 
correlation,  The  variable  with  the  lowest  F value  to  romove  is  the  variable  that 
results  In  the  lowest  increase  in  the  multiple  correlation. 
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Number  of  Independent  Variables  - This  value  denotes  the  number  of  independent 
variables  in  the  regression  equation  computed  at  eaoh  step. 

Predicted  vs  Aotual  - Data  oontalned  in  thiB  part  of  the  computer  results  oompare 
the  observed  values  of  the  dependent  values  with  the  predicted  values. 
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Figure  A-1A,  SRAP  Computer  Results  lor  K (Run  No.  1) 
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A-1B.  SRAP  Computer  Results  for  K (Run  No.  1) 
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Figure  A-2A.  SRAP  Computer  Results  for  (Run  No.  2) 
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P'-LEVfcL  'IK  ICILtPA.MCt  INSUFFICIENT  FOR  PUMTHfcH  COMPUTATION 


Figure  A-3A.  SRAP  Computer  Reiulu  for  MTTRiso  (Run  No.  3.) 


Figure  A-3B.  SRAP  Computer  Reaulti  for  MTTRjso  (Run  No.  3) 
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Figure  A-4A,  SRAP  Computer  Reiult*  for  MTTRCo  (Sub  No.  4) 
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substituting  (2)  and  (3)  In  (4)  we  find  that 

( 


M (t)  = 
maxK' 


r2 — ?ir~e’,p  Wp* 

K + -x  ] 2 ( l 


2 , 

O + u 

X 


Referenoei  J.  Altohison  and  J.  Brown,  The  Lognormal 
Distribution,  Cambridge,  Mass.  1957 


APPENDIX  C - ESTIMATES  OF  Mmux  (4>)  FOR  LOGNORMAL  REPAIR  DISTRIBUTIONS 

This  appendix  provides  estimates  of  Mmax  (4)  for  lognormally  distributed  repair  times. 

The  M (4)  values  are  found  by: 

1,  Selecting  Table  C-l  or  C-2.  Table  C-l  Is  used  for  peroontlles  (4)  of  (10,  70, 
and  80  percent.  Table  C-2  is  used  for  peroentiles  of  00,  95,  and  00  peroent, 

2.  Locate  the  mean  repair  time  (MEAN)  whtoh  most  closely  approximates  the 

' MTTR  of  the  equipment/system  In  question.  The  repair  times  are  provided 
from  0.1  to  2. 6 In  steps  of  0. 1 . 

8.  Locate  the  corresponding  repair  times  standard  deviation  (SIGMA)  which 
Is  estimated  for  the  subject  equlpment/system.  Values  are  provided  from 
0.1  to  2.5  In  steps  of  0.1. 

4.  Read  the  value  of  MmQx  (4)  under  the  appropriate  peroontlle  oolumn. 
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TABLE  C-l 


60  TH 

70  TH  AND  BOTH  PERCENTILES  0F 

THE  L0QN0RMAL 

FOR 

MEANS  AND  SIGMAS 

FR  0M  .1  T0  2.5 

MEAN  ■ 

SIGMA 

60  PERCENT 

70  PERCENT 

.1 

.1 

,0  8 731  3 

.109419 

.1 

A 

.0  61  674 

,086984 

.1 

.3 

.0  4 64  4 7 

.0  700  79 

.1 

.4 

.03  71  52 

.0  3 8 63  0 

.1 

.5 

.030983 

.050335 

' 1 .1 

.6 

.02  660  6 

,044532 

' .1 

.7 

.0233  42 

.039899 

: . .i 

.8 

.020B14 

.03  6212 

,i 

.9 

.01  879  6 

.053203 

1 : .i 

1 .0 

.01 7148 

,030  69  7 

.i 

1 .1 

.01  5 773 

.028373 

•i 

1 A 

.014  614 

.02  6734 

T .1 

1 .3 

.013618 

.0231  71 

1 .1 

1 .4 

,012755 

.023  732 

.1 

1 .5 

.011998 

.022  352 

1 .1 

1 .6 

.01  1330 

.021454 

1 .1 

1 .7 

.010  733 

.020469 

•1 

1 .8 

,010202 

.019378 

i .1 

1 .9 

.009  721 

.018769 

! i *1 

2 .0 

.00928  6 

.018030 

J .1 

2 .1 

.006889 

.01  7333 

1 1 .1 

2 .2 

,00852  6 

,01  6729 

! ! .1 

2 .3 

,008193 

.01  6133 

i 

.1 

2 .4 

.00  788  6 

.013  619 

.1 

2 .3 

.0  0 7 602 

,015123 

i 

i 

.2 

.1 

•20  1 62B 

.2291  70 

l 

.2 

A 

.1  7 4 63  0 

.218639 

.2 

.3 

,14  60  64 

,19  6038 

1 

.2 

.4 

,123348 

.1  739  68 

.2 

.5 

.106102 

.153384 

1 

,2 

.6 

.092895 

.140157 

A. 

.7 

.062  5 64 

.12  7649 

£ 

.8 

,0 74303 

.1  1 7259 

I 

1 A 

.9 

.0673  63 

.10851  8 

i 

A 

1 .0 

.0  619  63 

.101071 

1 

,2 

1 .1 

.0  5 72  4 3 

.094  652 

\ 

A 

1 A 

.053212 

.0890  63 

A 

1 .3 

.0  4 9 72  7 

.084151 

A 

1 .4 

.04  6684 

.0  79  799 

A 

1 .3 

,044003 

,0  75914 

A 

1 .6 

,041  <27 

.0  72  42  4 

A 

1 .7 

,039  302 

,069271 

1 

A 

1 ,8 

.05  7392 

.06640  6 

1 

.2 

1 .9 

,035865 

.0  63  791 

! .2 

2 .0 

,03  429  6 

.061394 

1 

A 

2 .1 

.032  8 64 

.059188 

A 

2 A 

.03  1 551 

.05  71  51 

.2 

2 .3 

.030343 

.05  52  SI 

•2 

2 .4 

,02922  8 

.053  50  7 

• .2 

2 .3 

,028 1 9 6 

.051  8 71 

, 1 

! ■ ■ 
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D1S  TH IBUTI  IN 

80  PERCENT 

.142493 
.130081 
.113406 
.100008 
.089  398 
.081369 
.0  74  723 
.0  6923  6 
.064  682 
.0  60  682 
.0  3 72  73 
.054290 
.031  634 
.049306 
,047199 
.045293 
.043363 
.041983 
.040  336 
,039201 
.03  79  66 
.03  6820 
.035  753 
.03  4 73  7 
.033  B2  4 

.2  6 62  1 7 
.284986 
.276636 
,2  601  63 
.242833 
.22  6812 
.212536 
,20000  4 
.188933 
,1  79183 
.1  70  301 
.152  738 
.1  53757 
.149446 
.143  709 
.138471 
.133  668 
.129244 
.1251  56 
.121364 
.1  1 7S3  7 
,11 4346 
.11  I 467 
.108580 
,105866 


TABLE  C--1  (Continued) 

60TH  70 TH  AND  BOTH  PERCENTILES  0F  THE  L0GN0RMAL  DISTRIBUTI0N 
F0R  MEANS  AND  SIGMAS  FR  0M  ,i  Ti3  2 .5 


MEAN 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.3 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

.4 


SIGMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

.1 

.308999 

,33741  7 

,3  7401  1 

A 

.291067 

.343064 

.41  3832 

.3 

.2  61946 

,328238  ' 

.42  7478 

• 4 

.232  33  4 

,303822 

.42  1 42  4 

.3 

.20  670  8 

.282330 

.40  7281 

.6 

.183022 

,2  60  9 38 

.390244 

.7 

.1  67000 

.241  768 

,3  72778 

.8 

,131974 

.224948 

,3  339  61 

.9 

.1393  42 

.21023  6 

.340218 

1 .0 

.12861  6 

.19  73  3 4 

,32  3667 

1 .1 

.119418 

.1839  64 

.3 1228B 

1 A 

.111433 

.1 73889 

,30000  6 

I .3 

.104300 

,1  66909 

.2BB729 

1 *4 

.0983  77 

.1  33860 

A 763  4 6 

1 .3 

,092948 

.1  31  606 

.2  68773 

1 .6 

.088101 

.1  43036 

.2  3992  7 

1 .7 

.083  748 

.139038 

.2  31  72  7 

1 .8 

.0  79818 

.133393 

•2441  0 7 

1 .9 

,0  762  32 

.128382 

,2  3 700  7 

2 ,0 

.0  73001 

.1239  63 

•230376 

2.1 

.07002  6 

.119698 

.2241  68 

2.2 

.0  672  92 

.113743 

.218344 

2.3 

,0  64772 

.112063 

.212867 

2.4 

.6  62  441 

.108  636 

,20770  7 

2.3 

.0  602  78 

.103432 

■202B3  6 

.1 

,413033 

.441341 

.477410 

.2 

,403236 

.438339 

,332433 

.3 

,379013 

.434249 

.361473 

.4 

,3492  61 

,44  7 678 

.3  699  71 

.3 

,319492 

.413373 

.363313 

.6 

.292127 

.392076 

,3332  72 

,7 

,2  678  76 

.3  69  2 4 8 

.337331 

.8 

.2  4 6 69  3 

.34  794  6 

.32032  6 

,9 

.2282  65 

.328447 

.302814 

l .0 

.212204 

.310768 

,483669 

1 .1 

.198131 

.294  778 

.469222 

1 .2 

,183  789 

.280314 

.433  624 

1 .3 

.1 74833 

.267207 

,438923 

1 .4 

.1 63128 

.233297 

.4231 13 

1 .3 

.136428 

.244443 

.412138 

1 .s 

.14  8 60  6 

.244319 

.400008 

1 .7 

.141  339 

.22  3 413 

.388609 

1 .8 

.133123 

.2 1 704  6 

.3  77903 

1 .9 

.1292  79 

.209302 

.3  67841 

2 .0 

.123930 

.202  142 

.3  383  67 

2 .1 

.119017 

.193493 

.3  49433 

2 .2 

.114490 

.189303 

.341001 

2 ,3 

.110303 

.183  329 

,333  02  7 

2.4 

.10  642  4 

,1  78126 

.323475 

2.3 

.10281  6 

.1  73061 

.318315 
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TABLE  C-l  (Continued) 

CO  TH  70  TH  AND  80  TN  PERCENTILES  BE  THE  L0GN0RMAL 
FOR  MEANS  AND  SIGMAS  FR0M  .1  T0  2.5 


MEAN 

SIGMA 

SO  PERCENT 

70  PERCENT 

.5 

.1 

.515518 

.543947 

.5 

.2 

.51 1833 

.5681  72 

.5 

.3 

.49341  6 

.573439 

.5 

.4 

.4  66391 

.564587 

.5 

.5 

.43  65  76 

.547097 

.5 

.6 

.40  6 623 

.52  5254 

.5 

.7 

.378393 

.501846 

.5 

.8 

.352337 

.478493 

.3 

.9 

,329233 

.456050 

.5 

1 .0 

.3083  69 

.434920 

.5 

1 .1 

.289  SB  7 

.41  5246 

.5 

1 A 

.2  72  9 60 

.39  703  6 

.5 

1 .3 

.257931 

.380223 

.5 

1 .4 

.244440 

.3  64  71  1 

.5 

1 .5 

.23223  6 

.350393 

.5 

1 .6 

.221  173 

.33  71  59 

.5 

1 .7 

.211  10B 

,324909 

.5 

1 .3 

.201917 

.313546 

.5 

1 .9 

.194  49  7 

.302985 

.5 

2 .0 

,185  758 

.293149 

.5 

2.1 

.1  78  622 

•2839  68 

.5 

2 A 

.1  720  2 3 

.2  753  83 

.3 

2 .3 

.165904 

.2  6 73  3 7 

.5 

2.4 

.1 60215 

•259  783 

.3 

2.5 

.154913 

.252  677 

« 6 

.1 

.61  7183 

.64  5 50  4 

.6 

.2 

,61  7998 

.674833 

.6 

.3 

, 60  4 8 83 

.687509 

.6 

.4 

.582133 

.686129 

.6 

• 5 

.554038 

. 674565 

.6 

.6 

.523891 

,65  651  6 

.6 

.7 

.493830 

.634874 

.6 

.8 

.465067 

. 61 1 644 

.6 

.9 

.438191 

,588114 

.6 

1 .0 

.413412 

.5650  60 

.6 

1 .1 

.3  9 0 732 

.54291  7 

.6 

1 A 

,3  70043 

,521904 

.6 

1 .3 

.351 190 

,502107 

.6 

1 .4 

,334001 

.463  536 

.6 

1 .5 

.318306 

.4661  52 

.6 

1 ,6 

.303949 

.449895 

.6 

1 .7 

,290  784 

.434694 

.6 

1 .8 

A 78  684 

,420471 

.6 

1 .9 

,2  67533 

.40  71  53 

.6 

2 .0 

.2  5 7232 

.394  667 

.6 

2.1 

.2  4 7 692 

.382946 

.6 

2 A 

.238836 

,371928 

.6 

2,3 

.230595 

,361  556 

.6 

2 .4 

,222909 

.351  778 

.6 

2 .3 

.2  1 5 72  7 
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80  PERCENT 

.575215 

.642030 

.633  72A 

,705  71  A 

.712464 

. 708  73  S 

.6985  70 

.68A09A 

.667720 

.650 AO  7 

.652878 

.615571 

.59B7AA 

.582  5 AO 

.567030 

.552239 

.5381  65 

.52  A 788 

.512081 

.500010 

.48B5A0 

.A7  7 634 

.467257 

.4573  76 

.447959 

.680304 

.748023 

,798  650 

.831  664 

.849315 

.834957 

.851889 

.842848 

.829908 

.814561 

.797831 

.780489 

.762932 

,745536 

.728304 

.711923 

,695887 

.680436 

.665585 

.631333 

.63  7 6 69 

. 624576 

.612032 

.600013 

.588494 


TABLE  C-l  (Continued) 
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DISTRIBUTION 


MEAN 

.7 

.7 

.7 


.7' 

.7 

.7 

.7 

,7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.7 

.8 

.8 

»6 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 

.8 


SIGMA 

.1 

.2 

.3 

.4 

.3 

.7 

*8 

.9 

1 .0 
I .1 
l 

1 .3 
1 .4 
l .5 
1 .6 
1 .7 
1 .8 
1 .9 
2.0 
2.1 
2.2 

2.3 

2.4 
2.3 

a 
.2 
.3 
.4 
.3 
.6 
,7 
.8 
.9 
1 .0 
i a 
i * 

1 .3 
1 .4 
1 .3 
1 .6 
1 .7 
1 .8 

1 .9 

f 2 .0 

2 a 
2 .2 
2 .3 
2.4 
2 .5 


60  PERCENT 

,718373 
.722370 
,713944 
,693388 
.670232 
.64142  7 
,61120  6 
.381076 
.331961 
,3243  68 
.498329 
,474308 
,4322  67 
,431717 
,412740 
.395211 
.379003 
,3  639  9 8 
,330084 
,337139 
.323131 
.313917 
,303443 
,293  641 
,284433 

.8192  63 

,826070 

.821164 

,80  6311 

,784613 

,73802  6 

, 72  8 7B8 

.698321 

,668344 

,638983 

,510877 

.38  42  3 4 

.359210 

.335755 

,313838 

.493391 

,474321 

.43  6531 

,439924 

,424408 

,409895 

,39  6301 

,383352 

,371  378 

.3  603  1 7 
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70  PERCENT 

.746389 
,779371 
.79  7999 
,803159 
.79  7 63  9 
.784337 
,76593  6 
.744431 
,72141  6 
,697872 
.674302 
,651  733 
.62981 7 
,608888 
,389003 
.5701  72 
.3323  70 
.333359 
,319689 
.304704 
,490330 
.4771  70 
,464312 
,432326 
,4411  63 

.847383 
.883 0B2 
,906002 
,91  6678 
.916780 
.908498 
,894042 
.875353 
.853997 
,831 130 
,807670 
,784153 
,761001 
,73  8 4 7 7 
.71  673  7 
,693872 
.673921 
,65  6093 
.63  8 7 74 
,62133  6 
,60  3144 
,58953  6 
374732 
360  628 
547202 


80  PERCENT 

.781022 

,832016 

.909022 

.9  3 0 680 

.977825 

.992371 

.99  7449 

,994874 

.98  6892 

.97312  7 

,9  60813 

,944872 

.92  7964 

.910370 

,893030 

.873381 

.858387 

.841537 

,823164 

,809231 

.793842 

.778948 

.764368 

.730  69  6 

,13  7321 

.881526 
.934B21  . 

1 .016487 
1 .0  648  67 
| .099939 
1 .122945 
1 .13  3 621 
1 .139942 
1 .137748 
l .130627 
t .1 19881 
1 .106543 
l .091413 
1 .075101 
1 ,038066 
i ,040  652 
l .023110 
1 ,005628 
.988339 
,971338 
,9  3 4 692 
,938445 
,922  625 
.90  72  48 
,392322 


TABLE  C-l  (Continued) 

60  W 70  TH  AND  80  TH  PERCENTILES  2F  THE  L0GN0RMAL  DISTR  IBUTI 0N 
F0R  MEANS  AND  SIGMAS  FR0M  ,1  TO  2.5 


MEAN 

SIGMA 

SO  PERCENT 

70  PERCENT 

80  PERCENT 

.9 

.1 

.919934 

.94  7994 

.98189  7 

.9 

.2 

.928822 

.985  773 

1 .036874 

.9 

.3 

.92  699  7 

1 .012250 

1 .122034 

.9 

, A 

.91 3829 

1 .02  752  6 

1 .1  75669 

.9 

.5 

.89  72  1 7 

1 .032  642 

1 .217311 

.9 

.6 

,875200 

1 .029193 

1 .247496 

.9 

.7 

,84  3 635 

1 .018963 

1 .2  6740  7 

.9 

.8 

.81  6133 

1 .003  651 

1 .2  78538 

.9 

.9 

.78583  7 

.934775 

1 .282  43  5 

.9 

1 .0 

.7  5 5 62  6 

.963  520 

1 .280545 

.9 

1 .1 

.72  SCB9 

.940846 

1 .2  7413  5 

.9 

1 A 

.69  7 601 

,91 7466 

1 ,2  642  72 

.9 

1 .3 

.670382 

.893902 

1 ,251  827 

.9 

1 .A 

,644542 

.870525 

1 ,23  7500 

.9 

I .5 

.620)18 

.84  759) 

1 .22184?. 

.9 

1 .6 

.59  709  6 

.82  52  70 

1 .205285 

.9 

1 .7 

.575432 

.803  671 

1 .1881  S3 

.9 

1 .8 

.5550 65 

.732856 

1 .1  70  733 

.9 

1 .9 

.535921 

.762854 

1 .153192 

.9 

2 .0 

.51  792  5 

.743  673 

1 .135688 

.9 

2 .1 

,501001 

.72  5304 

1 .118333 

.9 

2 .2 

.48  50  72 

.70  772  7 

1 .101210 

.9 

2 #3 

.4  700  69 

.69091 7 

1 .084380 

.9 

2 .4 

,455925 

.674843 

1 .067884 

.9 

2 .5 

.442572 

.659473 

1 ,051  753 

1 .0 

.1 

1 .020504 

l .048473 

l .082  1 80 

1 .0 

•2 

1 ,03103  5 

1 .087893 

1 .1  5 8 430 

1 .0 

.3 

1 .03  1 779 

1 .1  1 7232 

1 .22  62  70 

1 .0 

.4 

1 .023  670 

1 .13  63  4 5 

1 ,284060 

1 .0 

.5 

1 .008139 

l .145848 

l .331  084 

1 .0 

.6 

.98  6831 

1 .146879 

1 .3  67449 

1 .0 

.7 

,9  613  65 

l .140839 

l .393870 

t .0 

.8 

.933182 

l .1291  74 

l .41  1 429 

1 .0 

.9 

,903469 

1 .113235 

1 .42  1 3 64 

1 .0 

1 .0 

.8731  52 

l ,r94194 

l .424928 

1 .0 

1 .1 

.84291  6 

l 7302  6 

1 .42  3 2 8 5 

1 .0 

1 *2 

,81324  7 

1 .050508 

1 .41  7471 

1 .0 

1 .3 

.784468 

1 .02  7244 

1 .4083  75 

1 .0 

1 ,A 

,75  673  7 

1 ,003  692 

1 .396740 

1 .0 

1 .5 

,73031 8 

.980191 

1 .383  1 79 

1 .0 

1 .6 

.70511  4 

.956985 

1 .3  68189 

1 .0 

1 .7 

,681  184 

,934249 

1 .352  1 70 

l .0 

1 .0 

1 .3 

.658507 

.912100 

1 .33  5 441 

1 .9 

,63  7043 

.890  61  5 

l .318256 

1 .0 

2 .0 

.81  6739 

,B  69840 

1 .300815 

1 .0 

2 «1 

.59  753  6 

.849797 

1 .283274 

1 .0 

2 .2 

.5  793  74 

,830493 

1 .2  65  75  6 

1 .0 

2 ,3 

,562189 

.81  1922 

1 .248354 

1 .0 

1 .0 

2 .A 

.545921 

.794071 

1 .231  142 

2 .5 

■ .530510 
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TABLE  C-l  (Continued) 

60TH  70  TH  AND  801X  PERCENTILES  0F  THE  L03N0RMAL  DISTRIBUTION 
FOR  MEANS  AND  SIGMAS  FR  0M  .1  T0  2.5 


MEAN 

SIGMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

1 .1 

.1 

1 .120953 

1 .148859 

1 .182403 

J .1 

.2 

1 .132852 

1 .189  603 

1 .2  59  642 

1 .1 

.3 

1 .135756 

1 .221279 

1 .329585 

1 .1 

.4 

1.130316 

1 .2  43  608 

l .390  700 

1 .1 

.5 

1 .11  7617 

1 .25  6921 

1 .4421  59 

1 .1 

.6 

1 .098976 

1 .2  62014 

1 .483  793 

1 .1 

.7 

1 .075766 

1 .2599  66 

1 .5159  72 

1 .1 

.8 

1 .049283 

1 .2519  72 

1 .539436 

1 .1 

.9 

1 .020  649 

1 .239213 

1 .555141 

1 .1 

1 .0 

.990  798 

1 .222777 

1 .564127 

1 .1 

1 .1 

.9  60  4 6 7 

1 .203  613 

1 .567420 

1 .1 

1 £ 

.930212 

1 .182518 

1 .565983 

1 .1 

1 .3 

.900441 

1 .160141 

1 ,560676 

1 .1 

1 .4 

.871437 

1 .136998 

1 .5522  50 

1 .1 

l .5 

.843389 

1 .1 13493 

l .541346 

1 .1 

1 .6 

.81 6413 

1 .089934 

1 .528503 

1 .1 

1 .7 

.7905  73 

1 .066554 

1 .5141 63 

1 .1 

1 .8 

.765892 

1 .043522 

1 .49871  1 

1 .1 

1 .9 

.7423  64 

1 .0209  61 

1 .482432 

1 .1 

2.0 

.7199  67 

.998957 

1 .465578 

1 .1 

2.1 

.69  8 665 

.977566 

1 .448346 

1 .1 

2.2 

.678412 

.956824 

l .430896 

1 .1 

2.3 

. 659 1 62 

.936747 

1 .413356 

1 .1 

2.4 

.640862 

.9  1 73  43 

1 .395828 

1 .1 

2.5 

.623461 

.898  60  6 

1 .3  78392 

1 .2 

.1 

1 £2 1 32  6 

1 .2491  78 

1 .282382 

1 .2 

.2 

1 .234367 

1 .291009 

1 .3  SO  609 

1 .2 

.3 

1 ,239105 

1 .32  4 622 

1 .432231 

1 .2 

.4 

1 .23599  6 

1 .349  667 

1 .49  6045 

1 £ 

.5 

1 .225664 

1 .3  66284 

1 .551 181 

1 .2 

.6 

1 .209  767 

1 .3  7501  7 

1 .59  7300 

1 .2 

.7 

1 .188856 

1 .3  76685 

1 .634524 

1 £ 

.8 

1 .1  642  67 

1 ,3  72257 

1 .663328 

1 .2 

.9 

1 .137039 

1 .3  62  74  6 

1 .684418 

1 £ 

1 .0 

1 .108076 

1 ,349129 

1 .698630 

1 .2 

1 .1 

1 .078124 

1 .3322  9 7 

1 .706841 

1 .2 

1 £ 

1 .04  7782 

1 .313033 

1 .709913 

1 .2 

1 .3 

1 .01 7512 

1 .292000 

1 .708649 

1 .2 

1 .4 

,987661 

1 .2  69  748 

1 .703777 

1 .2 

1 .5 

.95B477 

1 .246725 

1 ,695940 

1 .2 

1 .6 

.930134 

1 ,223288 

1 , 6B5695 

1 .2 

1 .7 

.902  74  7 

l .19971  7 

1 .673  51  9 

1 .2 

1 *8 

.8  7 638 1 

l .1 76229 

1 .659815 

1 .2 

1 .9 

.851071 

1 .152989 

1 .644922 

1 £ 

2 .0 

.82  6824 

1 .130121 

1 .629123 

I £ 

2 .1 

.803  629 

1 .107715 

1 .612  652 

1 £ 

2 £ 

. 781  4 64 

1 .065834 

1 .595  703 

1 .2 

2 .3 

.760295 

1 ,0  64523 

1 ,578434 

1 £ 

2 .4 

,740086 

1 .043808 

l .5609  78 

1 £ 

2.5 

.720  793 
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TABLE  C-l  (Continued) 

60  TH  70  TH  AND  80TH  PERCENTILES  0F  THE  10GN0RMAL  DISTRIBUTI0N 
F0R  MEANS  AND  SIGMAS  FR0M  ,1  TO  2.9 


MEAN 

■ SIGMA 

SO  PERCENT 

70  PERCENT 

80  PERCENT 

1 .3 

.1 

1 .321  641 

1 .349445 

1 *382  729 

1 .3 

A 

1 .33  3 649 

1 .392  184 

1 .461393 

1 .3 

.3 

1 .341939 

1 .42  7 423 

1 .334383 

1 .3 

.4 

1 .340890 

1 ,434780 

1 .600414 

1 .3 

.5 

1 .333072 

1 *4742  68 

1 . 658  62 1 

1 .3 

.6 

1 .319333 

1 .48  6246 

1 .70  8 3 65 

1 .3 

.7 

1 .3  0 0 69  7 

1 .491326 

1 .730194 

1 .3 

.8 

1 A 78089 

1 .490285 

1 .783  778 

1 .3 

.9 

1 .2  524© 

1 .483978 

1 .809818 

1 .3 

1 .0 

1 .224686 

1 .473262 

1 .828966 

1 .3 

1 .1 

1 .195473 

1 .458955 

1 .841  950 

L .3 

1 A 

l .1  65447 

1 .441800 

1 .849  520 

l .3 

1 .3 

1 .135097 

1 .422452 

1 .852  406 

1 .3 

1 *4 

1 .10481  6 

1 .401  473 

1 .851290 

1 .3 

1 .5 

1 .074900 

1 .3  79334 

1 .846796 

1 .3 

1 .6 

1 .043571 

l .35  642  7 

1 .839480 

1 .3 

1 .7 

1 .0  1 69  8 8 

1 .3330  69 

1 .329830 

1 .3 

1 .8 

.989259 

1 .30951  6 

1 .818271 

1 .3 

1 .9 

.9  62453 

1 .2  B 39  68 

1 .8051  66 

1 .3 

2.0 

.93  661  3 

1 .2  62586 

1 .790827 

1 .3 

2.1 

.911754 

1 .239489 

1 .773517 

1 .3 

2 A 

.88  7074 

1 .21  6772 

1 .759460 

1 .3 

2 .3 

.8  64959 

1 .194502 

1 .742841 

1 .3 

2 .4 

.842988 

1 .1  72  728 

1 .725818 

l .3 

2.5 

.821933 

1 .151484 

1 .70  8 521 

1 .4 

.1 

1 ,421910 

1 .449672 

1 .482852 

1 .A 

A 

1 .436746 

1 .4931  79 

1 .562043 

1 .A 

.3 

1 ,44441  7 

1 .329B00 

1 .63  6159 

l .4 

.4 

1 .445141 

1 .539142 

1 .704033 

1 .4 

.5 

1 .439404 

1 ,381134 

1 .76482  6 

1 .A 

.6 

1 .42  7887 

1 .39  5997 

1 .818044 

1 .4 

.7 

1 .411394 

1 ,604167 

1 .86351  7 

l .4 

.8 

1 .390776 

1 .60  631  7 

1 .901359 

1 .4 

.9 

1 .3  6 68  72 

l ,603  0 9 9 

1 .931906 

1 .4 

1 .0 

l .3  404  65 

1 .595277 

1 .955650 

1 .4 

1 .1 

1 .312257 

1 .583585 

1 .9  73183 

i .4 

1 A 

1 .282855 

l .3687M 

1 .985141 

1 .4 

1 .3 

1 .2  52  768 

1 .531290 

1 .9921  71 

1 .4 

I .4 

1 .22241  2 

1 .531872 

1 .994899 

1 .4 

1 .5 

1 .192121 

1 .310939 

1 .99391  1 

1 .4 

1 .8 

1 .1  SI  53 

1 .488903 

1 .989  748 

1 .4 

1 .7 

1 .132  705 

1 .466106 

l .982895 

l .4 

1 .8 

1 .103923 

1 .442833 

l .9  73  784 

1 .4 

1 .9 

1 .0  75910 

1 .41931 6 

1 .9  62  794 

1 .4 

2.0 

1 .04873  6 

1 .393744 

1 .950254 

1 .4 

2.1 

1 .022445 

1 .3  722  67 

1 .93  6451 

1 .4 

2 A 

.99  7058 

1 .349004 

1 .921  630 

1 .4 

2 .3 

.9  72  SB  4 

1 .3  2 60  4 6 

1 ,9  0 6001 

1 .4 

2.4 

.94901  6 

1 ,503466 

1 .889743 

1 .4 

2 .5 

.92  63  40 

1 .28131  5 

l ,873009 
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TABLE  C-l  (Continued) 

60  TH  70 TH  AND  BOTH  PERCENTILES  0F  THE  LOGNORMAL  DISTRIBUTION 
FOR  MEANS  AND  SIGMAS  FROM  .1  TO  2,5 


MEAN 

SIGMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

1.5 

.1 

1 .322143 

1 .549867 

1 .582933 

1.9 

.2 

1 .337697 

1 .594032 

1 ,662589 

l .5 

.3 

1 .346533 

1 .631  8 40 

1 .737643 

1 .5 

.4 

1 .3488  61 

1 .662899 

1.8070 68 

1 .5 

.3 

1 .944993 

l .687084 

1 .870057 

1 .5 

.6 

1 .533505 

1.704317 

1 .926090 

1 .5 

.7 

1 .521060 

1 .715328 

1 .9  74920 

l .5 

.8 

1 .502394 

1 .72  0 600 

2.016547 

1 .5 

.9 

1 .480246 

l . 720318 

2.0311  73 

1 .5 

1 .0 

1 .433333 

1 .713321 

2 .0  791  60 

1 .5 

1.1 

1 .428313 

1 . 70  62  39 

2.100972 

1 .5 

1 .2 

1 .399  773 

1 ,693  762 

2.1  17143 

1 .5 

1 .3 

1 .370221 

1 .6  7 8 420 

2.128232 

1 .5 

I .4 

1 .340  088 

1 .660  7 70 

2.134800 

1 .5 

1 .5 

1 .309  728 

1 .641291 

2.137391 

1 .5 

1 .6 

1 .2  79428 

1 .62  0 4 00 

2.136316 

1 .5 

1.7 

1 .24941  7 

1 .398433 

2.132  643 

1 .5 

1 .8 

1 .219870 

1 .375762 

2.126207 

1 .5 

1.9 

1 .190921 

l .352375 

2.117383 

1 .5 

2.0 

1 .162  6 68 

1..329  1 1 0 
1\303338 

2.1071  19 

1 .5 

2.1 

1 .133180 

2.0931  11 

1.5 

2.2 

1 .108302 

1 .482003 

2 .081821 

1 .3 

2.3 

1 .082  662 

1 .438619 

2 .067479 

1 .3 

2.4 

1 .037671 

1 .433478 

2 .032  2 83 

1 .3 

2.3 

1 .033530 

1 .412  651 

2 .036404 

1 .6 

.1 

1 ,622346 

1 .63003  6 

1 .683  0 44 

1 .6 

A 

1 .638527 

1 .694771 

1 .763  0 32 

1 .6 

.3 

1 .64  8 42  6 

1 .73  3 60  7 

1 .838903 

1 .6 

•4 

1 .652  1 40 

1 .7661  63 

1 .909  642 

1 .6 

.3 

1 .64  9 9 3 8 

1 .7922  79 

1 .97450B 

1 .6 

.6 

1 .64232  7 

1 .812004 

2 .032973 

1 .6 

.7 

1 .62  9 80  6 

1 .823571 

2 .084743 

1 .6 

.8 

1 ,613022 

1 .B3335  6 

2 .129734 

1 .6 

.9 

1 ,39  2 629 

1 .83  5838 

2 .168042 

1 .6 

1 .0 

1 .369271 

1 .833360 

2 .199918 

1 .6 

1 .1 

1 ,343559 

1 .82  7069 

2 .223  723 

1 .6 

1 A 

1 .31  6032 

1 .81  6993 

2 .243890 

1 .6 

1 .3 

1 .48  7248 

1 .803824 

2 .2  60898 

1 .6 

1 .4 

l ,437377 

1 .788083 

2 .271241 

1 .6 

1 .3 

1 .42  740  6 

1 .770242 

2 .277412 

1 .6 

1 .6 

1 .39  7043 

1 ,730710 

2 £ 79684 

1 .6 

l .7 

1 .3  6673  7 

1 .72  9 8 5 6 

2 .279107 

1 .6 

1 .8 

l ,33  6689 

1 .70  7995 

2 .2  7549  6 

1 .6 

l .9 

1 ,30  7039 

1 .685399 

2 <2  69  43 1 

1 .6 

2 .0 

1 A 779  69 

1 .662300 

2 .261254 

1 .6 

2 .1 

1 £ 49312 

1 .63  8 8 93 

2 .231273 

1 .6 

2 .2 

1 £2  1 753 

1 .61  5339 

2 .239762 

1 .6 

2 .3 

1 ,194743 

1 .591  773 

2 .22  69  63 

1 .6 

2 .4 

1 .1  68308 

1 .5  68305 

2 .213087 

1 .6 

2 .3 

1 .1430  63 
213 

l ,345023 

2 .198321 

I 


MEAN 

1 .7 
1 .7 
J .7 
I .7 
J .7 
1 .7 
1 .7 
I .7 
1 .7 
1 ,7 
1 .7 
l .7 
l .7 
1 .7 
l .7 
1 .7 
1 .7 
l .7 
1 .7 
1 .7 
1 .7 
J .7 
1.7 
J .7 
1 .7 

1 .6 
1 .0 
1 .0 
1 .8 
J .8 
1 .8 
1 .8 
1 .8 
J .8 
J .8 
1 .8 
1 .8 
I .8 
1 .8 
1 *8 
1 .8 
1 . 8 
1 .8 
1 .8 
i *8 
1 .8 
1 .8 
1 .8 
I .8 
1 .6 


TABLE  C-l  (Continued) 
SOW  70W  and  bow  PERCENTILES  0F  the 
Fan  MEANS  AMD  SIQMAS  FROM 


L0GN0RMAL  DIS  TO  IBUTI  IN 
.1  T0  2,5 


r a MA 

.1 

.2 

.3 


1 
l 
1 

1.3 

1 ,4 
1,9 

2 .6 
1 .7 
1 .8 

1 .9 
£ .0 
2.1 

2 *2 

2.3 

2.4 

2.5 


<50  PERCENT 

I .722  925 
1 .739253 
I .750080 
1 .755048 
l .754387 
1 .748400 
1 .747735 
1 .722  748 
1 .7040  75 
1 .6822  52 
I .65  73  <2 
1 . 63 1 6 09 
1 .603  710 
1 «5  74t.s32 
1 .544925 

1 ,484328 
i .494046 
1 .4239 68 
1 .3942  67 
1 .3  65057 
1 .336425 
1 .3  0 8 435 
1 .281134 
1 .254553 


70  PERCENT 

1 .750185 
1 .79541  7 
1 .8351 52 
1 .569022 
I .89  6846 
1 .9100 
1 .934503 
1 .944  783 
1 .949050 
1 .9501  GO 
i .94  6200 
1 .938501 
1 .92  7338 
1 .913795 
1 .89  771  6 
1 .379  707 
"t  .860130 
1 ,3393  03 
1 ,8  1 7923 
1 .795019 
1 .772006 
1 • 74H  662 
1 .725139 
1 ,701  563 
1 .578039 


80  PERCENT 

1 .783121 

1 .863449 
1 .939982 
2.011845 

2.0  78329 
2 .1 389 12 

2.1  932  64 
2.241242 

2 .2  62  8 6 7 
2.310298 
2 ,347004 
£.3  71732 
2.390484 
2 .40 4439 
2.4141  85 
2.420008 
2.4223  77 
2.421688 
2.418309 
2.412580 
2,404810 
2.3952  78 
2.334233 

2.3  71898 

2.3  584  72 


.1 

a 

.3 
.4 
.5 
.6 
.7 
.8 
.9 
1 .0 
1 .1 
1 A 

1 .3 
1 .4 
I .5 
1 .6 
1 .7 
1 .0 

1 .9 

2 .0 
Z .1 
2 A 
2 .3 
2 .4 
2.5 


1 *822  684 
1 .839908 
1 ,851  950 
1 .857643 
1 .8583  59 
1 .853994 
1 ,844939 
1 .83 1 65  7 
1 .814650 
1 .794434 
I .771  521 
1 ,746400 
1 ,719524 
1 .69  1 3 0 6 
1 .6621  13 
1 .632267 
1 .602042 
1 .5  71  673 
1 .54135  6 
1 .51  1252 
1 .481491 
1 ,4521 73 
1 ,423394 
1 ,395202 
i .3  6764  7 
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1 .85031  7 
1 .8953B7 

1 .93  6513 
J .9  71  545 
2 .000 HOB 
2.024500 

2 ,042432 
2 ,0550  53 
2 ,0  62  52  6 
2 .0  652  84 
2 .0  63  755 
2 .058386 
2 .049630 

2.03  792  6 
2 .023  69  4 
2 .00  7322 
1 .9891  66 
1 .969549 
1 .948  75  7 
1 ,92  7041 

1 .904  622 
1 ,8BJ  692 
J .35841  6 
1 .83  4932 
1 .61 1362 


1 .383189 

1 .9  63  79  4 
2.040913 

2.1  1 3 749 
2,181637 

2.2  440  68 
2,30069  7 

2 .331338 
2 ,395950 
2 .43  4 622 
2.467545 
2 .494991 
2 .51  7292 
2 .53481  4 
2 . 5 4 79  4 5 
2.357075 
2 , 562593 
2 .5  64870 
2 .5642  5 8 
2 .561  089 
2 .555666 
2 .5482  69 
2 .539152 
2 .52  8543 
2 .51  6649 


TABLE  C-l  (Continued) 

60  TH  70  TH  AND  BOTH  PERCENTILES  0F  THE  L 00 NORMAL  DIS  TRIBUTI 0N 
FOR  MEANS  AND  SIGMAS  FROM  .1  T0  2.5 


MEAN 

SIGMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

1 «9 

.1 

1 .922626 

1 .930434 

1 .9832  48 

1 .9 

.2 

1 .9  40487 

1 .99  6493 

2.0  6409  3 

1 .9 

.3 

1 .9  328  66 

2 .03  7721 

2,141723 

1 .9 

•A 

1 .9399  71 

2 .0  73  7 8 5 

2 ,2  1 340  7 

1 .9 

.5 

1 .961937 

2 .104483 

2.2  8 4320 

t .9 

.6 

1 .939004 

2 .129751 

2.3  48576 

1 .9 

.7 

1 .931  303 

2 .149  640 

2,40  7220 

l .9  . 

.8 

1 .939830 

2 .1  64313 

2,4  6023  7 

1 .9 

.9 

1 .92  4423 

2.1  74021 

2.30  7543 

I .9 

1 .0 

1 .903743 

2 .1  79083 

2,3491  66 

1 .9 

1 .1 

1 .8  8 42  3 8 

2 .1  79867 

2.38523  6 

1 .9 

1 .2 

1 .860415 

2 .1  76766 

2 , 61  59  39 

1 .9 

1 .3 

1 .834  642 

2.1  70186 

2,641603 

1 .9 

1 .4 

1 .80  733  6 

2 .1  60330 

2,662481 

1 .9 

1 .5 

1 .778834 

2.148189 

2,678926 

1 .9 

I .6 

1 .74931 6 

2.133332 

2.691289 

1 .9 

1 .7 

1 .719604 

2.1  1 6905 

2.699921 

1 .9 

1 .8 

1 .689339 

2.098621 

2.7031  68 

I .9 

1 .9 

1 .638988 

2.0  789  69 

2,7073  62 

l .9 

2.0 

1 .628667 

2.058202 

2.706821 

1 .9 

2.1 

1 .398340 

2,03  6330 

2.703841 

1 .9 

2.2 

1 .36872  7 

2,014212 

2.698697 

1 .9 

2.3 

1 .339323 

t .9913  62 

2.691643 

1 .9 

2.4 

1 .310409 

1 .9  68  1 33 

2.682910 

1 .9 

2.5 

1 .482040 

1.944716 

2.672710 

2.0 

.1 

2 .022933 

2.050338 

2.083301 

2.0 

.2 

2 ,041008 

2 ,09  6943 

2 . 1 643  60 

2.0 

.3 

2 .054049 

2.138800 

2.242437 

2.0 

2 . 0 62  0 71 

2.1  757B6 

2 .3 1 68  61 

2.0 

.5 

2 .0  651  75 

2 .20  7704 

2.387052 

2.0 

.6 

2 .0  63  5 3 8 

2 .234464 

2.452341 

2.0 

.7 

2 .057500 

2 .256087 

2 .312973 

2.0 

.8 

2 .047339 

2 .2  72  690 

2 .368120 

2.0 

.9 

2 .033462 

2 .284471 

2,617855 

2.0 

1 .0 

2 .01  62  78 

2 .29  1 693 

2.6621  67 

2.0 

1 .1 

1 .9  9 62  0 6 

2 .294  676 

2.701  130 

2.0 

1 .2 

1 .9  73  662 

2 .293  758 

2 . 73  4 8 98 

2.0 

1 .3 

1 .949045 

2 .209303 

2 .763  682 

2.0 

1 .4 

1 ,922731 

2 .281  678 

2.787740 

2.0 

1 .9 

1 .8930  65 

2 .271244 

2.8073  63 

2.0 

1 .6 

1 .6  6 63  63 

2 .258349 

2.822837 

2 .0 

1 .7 

1 .83  69  0 3 

2 .243322 

2 .834340 

2.0 

1 .8 

1 .80  69  3 8 

2 .22  64  69 

2.842  729 

2.0 

1 .9 

1 .776673 

2.2080  73 

2 .847734 

2.0 

2 .0 

1 .746304 

2 .188368 

2 .849853 

2.0 

2 .1 

l .71  59  79 

2 .1  67646 

2 .8493  78 

2.0 

2 *2 

1 .685832 

2 .146052 

2 .846570 

2.0 

2 ,3 

1 .6559  74 

2 .123  768 

2 .841  681 

2.0 

2 .4 

1 .62  6493 

2 .101016 

2 .834942 

2.0 

2.5 

1 ,597462 

2 1 lj 

2 .077076 

2 .82  6567 

SO  TH 


MEAN 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.2 
2.2 
2 .2 
2 .2 
2 »£ 
2.2 
2 .2 
2 .2 
2 .2 
2.2 
2 .2 
2.2 
2.2 
2.2 
2 .2 
2 .2 
2 .2 
2 .2 
2 .2 
2.2 
2 .2 
2 .2 
2 .2 
2.2 
2.2 


TABLE  C-l  (Continued) 


701 K AND  BOW  PERCENTILES  0F  THE  L0GN0RMAL 
Fan  MEANS  AND  SIGMAS  FR 0M  *1  T0  2.5 


SIGMA  60  PERCENT  70  PERCENT 


.1 

.3 

.4 

.5 
.6 
.7 
.8 
.9 
1 .0 
1 .1 
1 3 
1.5 

1.4 
1 .5 
1 .6 
1 .7 
1 .8 

1 .5 

2 .0 
2.1 
2 3 
2 ,3 
2. A 

2.5 


2.123068 

2.141479 

2.155120 

2,1  639  73 
2.168116 
2 .1  6771  1 
2 ,1  62993 
2 ,1  542  53 
2.141831 
2 .12  60  89 
2,107407 
2 .0861  64 
2 .0  62  733 
2 .03  7467 
2 ,010  697 
1 .982  730 
1 .953843 
1 .924282 
1 .8942  68 
1 .863992 
l .833  619 
l ,803291 
1 .773  12  7 
1 ,743229 
1 .713  680 


2.150  633 
2,19  73  52 
2 ,239768 
2 .277584 
2 .3  10599 
2 .338713 
2.3  6191  7 
2.380293 
2 ,393996 
2,403245 
2 .408305 
2 ,409476 
2 .40  7081 
2 ,401450 
2 . 3929  1 6 
2.381803 
2 ,3  68423 
2 .3530  70 
2.33  6019 
2 .317521 
2 .29  7B0  7 
2 .277067 
2 .255547 
2 ,233354 
2 .210656 


.1 

n 

.3 
.4 
.5 
.6 
.7 
.8 
.9 
1 .0 
1 .1 
1 .2 
1 ,3 
1 .4 
1 .5 
1 .6 
1 .7 
1 .8 

1 .9 

2 ,0 
2 ,1 
2 3 
2.3 
2 .4 
2,5 


2 .223  1 73 
2 .241906 
2 .25  6092 
2 .2  65  704 
2 ,2  70  799 

2.2  71511 
2 .2  68038 
2 .2  60  532 
2 ,249  589 
2 ,235233 
2 .21  7905 
2 ,19  79  53 
2 ,1  75719 
2.151537 
2 , 1 2 5 72 1 
2 .098566 
2 ,0  703  43 
2 ,041298 
2 .011 650 
1 ,98159  7 
.951308 
l ,920934 
1 ,39  0 603 
) ,360  424 
1 ,830432 
210 


2 .2  50  718 
2 .29  7719 
2 .3  40  642 
2 .3  79207 
2 .41321  6 
2 ,442559 
2 , 4 6 72  0 9 
2 ,4B  72 l 6 
2 .502  702 
2 ,513843 
2 .520665 
2 ,524029 
2 .523  618 
2 .51  9932 
2 ,513274 
2 .503943 
2 .49223  4 
2 ,47842  6 
2 ,462784 
2 .445555 
2 , 42  69  6 6 
2 ,40  722  7 
2 .38  652  7 
2 .3  6503  6 

2.3  42909 


DlSTRIBUtlBN 


BO  PERCENT 

2,133348 
2 .264595 
2 ,3  430  67 
2.418144 
2,489288 
£.5  5 60  49 
2 ,6180  79 
2.675133 
2,727066 
2 .773B27 
2.815449 
2,852039 
2,883  759 
2,910823 
2 .933476 
2 .951985 
2 .9  6 6 635 
2 .977712 
2 ,985505 
2 .990293 
2 .9923  46 
2 ,991928 
2 .989277 
2.964622 
2 .9781 76 

2 .283390 
2 .3  64805 
2 . 443  62  7 
2 .519285 
2 ,591275 
2 . 659 1 69 
2 .722  628 
2 .781 400 
2 .83  5323 
2 .884318 
2 .928384 

2 .967586 
3 .002049 

3 .031943 
3 .057473 
3 .0  78872 
3 ,096388 
3 ,110283 
3 .12081  7 
3 ,128253 
3 .132846 
3 ,134841 
3 .134473 
3 .131966 
3 ,12  752  7 


TABLE  C-l  (Continued) 

tiOlH  70 W AND  BOTH  PERCENTILES  0P  THE  L0QN0RMAL  DISTRIBUTION 
F0R  MEANS  AND  S1QF1AS  FROM  .1  T0  2.3 


MEAN 

SIQMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

2.3 

.1 

2 .3232  68 

2 .3  90  79  6 

2.383428 

2.3 

.2 

2 .34229  6 

2 .396092 

2,464994 

2.3 

.3 

2 .3369  78 

2.441434 

2.944128 

2.3 

.4 

2 .3  6 72  8 4 

2 .480  678 

2.620303 

2.3 

.3 

2 .3  732  93 

2 .31  9990 

2.693049 

2.3 

.6 

2 .3  74999 

2 , 94  60  39 

2.761998 

2.3 

.7 

2 .3  72  684 

2 .972029 

2.826701 

2.3 

.8 

2 .3  66929 

2 ,993  940 

2 ,087O24«-«- 

2.3 

.9 

2 .39  6792 

2,610678 

2.942  793 

2.3 

1.0 

2 .343763 

2.623988 

2 .993  788 

2.3 

1.1 

2 .32  7748 

2 .632499 

3.040099 

2.3 

I .2 

2 .309063 

2.63791  7 

3 .OBI  721 

2.3 

1.3 

2 .28802  6 

2.639012 

3 ,118741 

2.3 

1.4 

2 .2  64947 

2.63  721  1 

3.131293 

2.3 

1.9 

2 .240124 

2 .632390 

3 .1  79948 

2.3 

1.6 

2.213B39 

2 .62482  6 

3 .203  703 

2.3 

1.7 

2.18  63  9 3 

2 .614793 

3.223978 

2.3 

1 .8 

2 .197913 

2 , 602  3 3 6 

3 ,240  604 

2.3 

1 .9 

2.128733 

2 .9863  6B 

3 .293819 

2.3 

2.0 

2 .099011 

2 . 372  4 68 

3.263864 

2.3 

2.1 

2 .068923 

2 .333079 

3 .2  709  70 

2.3 

2 .2 

2 .038S4 

2.93  6409 

3 .2  79393 

2.3 

2.3 

2.008249 

2.91  6646 

3 .277334 

2.3 

2.4 

1 .977919  ■ 

2.4999  64 

3 *2  7 70 1 4 

2.3 

2.3 

1 .9  4 7 72  4 

2,474920 

3 .274639 

2.4 

.1 

2 *4233  9 9 

2.490867 

2 .483462 

2.4 

a 

2 .442  632 

• 2.49833  6 

2 ,363163 

2.4 

.3 

2 .437790 

2 .942196 

2 .644978 

2.4 

.4 

2 .468734 

2.982018 

2,721218 

2.4 

.3 

2 .4  7991  1 

2 .61  7754 

2 . 79  4 641 

2.4 

.6 

2 .478210 

2,649249 

2 .864462 

2.4 

.7 

2 ,4  7 69  74 

2.676433 

2 .9303  63 

2.4 

.8 

2 .471991 

2 .69933  4 

2 .992090 

2.4 

.9 

2 . 4 63  491 

2 .71800  6 

3 .049  462 

2.4 

1 .0 

2 . 49  1 728 

2.73  2 9 68 

3.1023  62 

2.4 

1 .1 

2 , 43  69  79 

2,743180 

3 .150  740 

2.4 

1 Jt 

2 .419333 

2.790034 

3 .194600 

2.4 

1 .3 

2 .39  9 681 

2,793392 

3 .234003 

2.4 

1 .4 

2 ,377712 

2 .7533  70 

3 .269049 

2.4 

1 .3 

2 .393906 

2.790339 

3 *299877 

2.4 

1 .6 

2 .328333 

2.74451  4 

3 .32  6653 

2.4 

1 .7 

2 .301846 

2 . 73  61 49 

3 .349973 

2.4 

1 .8 

2 .2  740  79 

2,72  5492 

3 .368839 

2.4 

1 .9 

2 .243448 

2 .712786 

3 .384637 

2.4 

2 .0 

2.216191 

2 . 69  82  9 8 

3 ,39  72  59 

2.4 

2.1 

2 .1863  69 

2.68212  7 

3 .406862 

2.4 

2 .2 

2 .19624B 

2 .664593 

3 ,413  683 

2.4 

2 .3 

2 .129940 

2 . 64  3 6 50 

3 .41  793  6 

2.4 

2 .4 

2 .093964 

2.62  60  6 6 

3 .41982  6 

2.4 

2.3 

2 .0  69228 

2.609401 

3 ,419551 

217 


TABLE  C-l  (Continued) 

60  TH  70  TH  AND  BOTH  PERCENTILES  0F  THE  L0G  NORMAL  DIS  TR  IB  UTI  0N 
F0R  MEANS  AND  SI  DMAS  FR  0M  ,1  T0  2 .5 


MEAN 

SIGMA 

60  PERCENT 

70  PERCENT 

80  PERCENT 

2.3 

.1 

2 .523436 

2 ,550933 

2.583  494 

2,5 

.2 

2 .542920 

2 . 5 9 8 63  4 

2 .6653  1 7 

2.5 

.3 

2 .558337 

2 .64281 7 

2.744985 

2.5 

.4 

2,5700  67 

2 ,683243 

2 .3220  43 

2.5 

.5 

2 .577589 

2.71  9733 

2 .09G076 

2.5 

• 6 

2.5811 74 

2,752165 

2 ,9  6 57',:'.  1 

2.5 

.7 

2 .580944 

2.780475 

3.033  669 

2.5 

.8 

2 .5  770  63 

2 .804656 

3 .096671 

2.5 

e9 

£ ,3  69  7 3 0 

2 .824  75  5 

3 ,1  55540 

2.5 

1 .0 

2,5591 74 

2.8  408  62 

3.2  101  49 

2.5 

1 .1 

2 .543644 

2.853110 

3 .2  6042  9 

r>  e. 

b 

1 .2 

2 .329402 

2 .861  666 

3 .3  0 S3  63 

2.5 

1 .3 

2.31071  3 

2 .866723 

3 ,347984 

n *r. 
t«  • S 

1 .4 

2.489832 

2 .668491 

3 .3853  67 

2.5 

1 .5 

2 .4  670  77 

2 .867197 

3.418622 

::.5 

1 .6 

2.442  645 

2 .863074 

3.447890 

2.5 

1 .7 

2 .41  679  7 

2 .85  63  5 6 

3 .4  73333 

2.5 

1 .8 

2.389  760 

2 . 8 4 72  7 7 

3.495131 

2.5 

1 .9 

2 .3  61  748 

2 .63  60  64 

3,513477 

2.5 

2 .0 

2 ,332954 

2 .82293  6 

3,528571 

2.5 

2 .1 

2,303356 

2 ,808103 

3 .54061  S 

2.5 

2 .2 

2 .2  73  71  4 

2 .791  764 

3.549815 

2.5 

2 .3 

2 .2  435  71 

2.774101 

3 . 5 5 63  70 

2.5 

2.4 

2 .213256 

2 .755289 

3.560474 

2.5 

2.5 

2 .182879 

2,73  5 4 8 5 

3. 5 ©,31  9 

2.6 

.1 

2 .62  3 5 1 0 

2.650993 

2.683523 

2.6 

.2 

2 .643282 

2.69  8 8 9 0 

2,765453 

2.6 

.3 

2 ,659225 

2.743423 

2 ,8453  54 

2,6 

.4 

2 .671297 

2.7843  67 

2,922  790 

2.5 

.5 

2 ,679  509 

2 .821549 

2.9  9 73  75 

2.6 

.6 

2,683918 

2.854847 

3.0  687  65 

2.6 

.7 

2.684628 

2.884190 

3 . 1 3 5664 

2.6 

.8 

2.681  780 

2 .9095  60 

3 .20032  7 

2.6 

.9 

2.675551 

2 ,930985 

3 ,2  610  65 

2.6 

1 .0 

2,6661  44 

2,948537 

3 ,3172  42 

2.6 

1 .1 

2,653  783 

2 .9  62325 

3 .3  692  75 

2.6 

1 .2 

2 .63  8 7 0 7 

2 , 9 72  4 91 

3.417130 

2.6 

l .3 

2.621161 

2 .9  79204 

3.46031  7 

2. 6 

1 .4 

2 .601394 

2 ,982  651 

3,500389 

2.6 

1 .5 

2 .579 653 

2 .963036 

3.535930 

2 . 6 

1 .6 

2 .5561 77 

2 .980571 

3.567556 

2 . 6 

l .7 

2 .531 199 

2 .975471 

3 .595406 

2.6 

1 .8 

2 .504938 

2 .967955 

3.619  63  6 

2.6 

1 .9 

2 .477599 

2 .958237 

3 ,640  418 

2,6 

2 .0 

2 .4493  73 

2 .946524 

3.657931 

2 . 6 

2,1 

2 .42043  6 

2.933018 

3 ,67? 3 63 

2.6 

2 .2 

2 .390950 

2 .917910 

3 , 683900 

2,6 

2.3 

2 ,3  61059 

2 .901381 

3 , 692  73 1 

2.6 

2 .4 

2 .330894 

2.8B3  601 

3 ,699041 

2.6 

2.5 

2 .300571 

218 

2 ,864  726 

3 .703009 

TABLE  C-2 

POTH  95T8  A8D  ppTH  PERCENTILES  PIE  THE  LARNARMAL  DISTRIBUTION 
EAR  MEANS  AND  SIGMAS  ERAM  .1  TA  2,5 


MFAH 

SIGMA 

PO  PFRCENT 

95  PERCENT 

99  PFPCFNT 

.1 

.1 

,203523 

.2781 12 

.490493 

.1 

.2 

,227300 

.360383 

.855549 

.1 

.s 

,221 OPJ 

.SPS6FS 

1.079166 

.1 

.A 

,209702 

.386526 

1 ,217203 

.1 

.5 

. 1PP214 

.381881 

1,306660 

.1 

.6 

, 1 P772S 

.374400 

1 .366951 

.1 

.7 

.178320 

.363944 

1.408679 

.1 

.8 

.170094 

.3373  16 

1.43801 1 

.1 

.P 

.162723 

.348874 

1.458740 

.1 

1 .0 

.136138 

.340772 

1 .473312 

.1 

1.1 

.130215 

.333071 

1 .4835  70 

.1 

1 .2 

, 1 44PS9 

.323783 

1 .490047 

. I 

1 .5 

. 13P9PP 

.3  18901 

1.4941 54 

.1 

1 .A 

.133336 

.312402 

1.496277 

.1 

1.5 

, 131 AAP 

.306265 

1 .496F54 

. 1 

1 .6 

. 1 2-76  78 

.300461 

1.496214 

.1 

1 .7 

,124128 

,294968 

1 .494610 

, 1 

1 .P 

. 1 20P45 

.289760 

1 .492239 

. t 

1 .9 

.117921 

.284816 

1.485253 

.1 

2.0 

.1 13094 

,2801 16 

1.485775 

,1 

2,1 

.1  I2A44 

.275641 

1.481902 

, 1 

2.2 

, 1099  32. 

.271375 

1 .477713 

.1 

2.3 

,107603 

.267301 

1.473272 

,1 

2. A 

, 1 033PP 

.263407 

1.468630 

.1 

2.5 

,103290 

.259679 

1.463830 

.2 

.1 

.327709 

.389063 

.536823 

.2 

,41)046 

,556224 

.980985 

.2 

.5 

.44399? 

.66164?  ■ 

1 .386603 

.2 

.A 

,454601 

,720766 

1.711098 

.3 

.451048 

.752131 

1 .962764 

.2 

.6 

.442165 

,767367 

?, . 1 5F333 

.a 

.7 

.431120 

.773082 

2,3  12036 

.P 

.419404 

.773053 

2.434407 

,P 

.407728 

,769498 

2,533017 

.2 

1 .0 

,396427 

.763762 

2,613321 

.2 

1 .1 

.3P5649 

,756684 

2.679299 

1 ,2 

.375443 

.74879? 

2.733902 

.2 

1 .3 

,363022 

,740457 

2.779355 

.2 

1 .4 

.3  36760 

.73I6PF 

2.81  73  59 

.2 

1 ,5 

.348227 

.723246 

2.849234 

.2 

1 .6 

.340188 

,714633 

2,876022 

.2 

1 .7 

,332608 

.7061  IP 

2,898548 

.2 

1 ,F 

,325431 

.697748 

2.917479 

.2 

1 «9 

.3 IP6P4 

.689550 

2,933357 

.2 

2.0 

.3 12277 

.681544 

2.946625 

.2 

2,1 

.306201 

.673739 

2,957650 

• ('■ 

2.2 

.300431 

.666141 

2.966739 

.2 

e.j 

,294944 

,658751 

2.974148 

.2 

2,4 

.2P97I8 

.651567 

2.980094 

.2 

2.5 

•2F4735 

,644585 

2.984762 
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TABLE  C-2  (Continued) 

90TH  «3TF  AND  99TH  PERCENTILES  fIF  THE  LHGNPIRMAL  niSTRIBUTISN 
FftR  MEANS  AND  SIGMAS  FR0M  .1  Tft  2.3 


MEAN 


. A 
.4 
,4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
.4 
,4 
.4 
,4 
.4 
,4 
.4 


SI  SNA 

SO  PERCENT 

93  PERCENT 

99  PERCENT 

.1 

.431421 

.483417 

.603599 

.2 

.342971 

.676791 

1 .023134 

.3 

.61636ft 

,834336 

1.471478 

• A 

.637409 

.949104 

1 .890049 

.3 

.676336 

1 .028 1 66 

2.253711 

.6 

.621901 

1 .081149 

2.966646 

.7 

.679387 

1.113870 

2.828878 

.F 

.672710 

1.137896 

3.030107 

.9 

.663248 

1.131030 

3.237499 

I.C 

.632392 

1.137941 

3.397100 

1 .1 

.640263 

1.160366 

3.533822 

1 .2 

.629106 

1.139579 

3.651610 

1.3 

•6I73F3 

1 .I3646P 

3.753622 

1.4 

.603864 

1.131668 

3.842395 

1 

.394641 

1.145643 

3 .91998 1 

1 .6 

,38376ft 

1.13  8 73  2 

3.988047 

1.7 

.373274 

1.131187 

4.047962 

1 .F 

.363168 

1.123199 

4.100853 

1.9 

.333430 

1.  II 4909 

4.147660 

2.0 

.344111 

1.106426 

4.189168 

2.1 

.333140 

1.097832 

4.226038 

2.2 

.326322 

1 .089191 

4.258831 

2.3 

.318241 

l .080551 

4.2PP026 ■ 

2.4 

.31 028? 

1,071949 

4.314032 

2.3 

.302629 

1 .063414 

4.337203 

.1 

.332028 

.381813 

.688109 

.633417 

,778126 

1 .075646 

.3 

.733293 

.960216 

1 .313FP2 

.4 

.822091 

1 .1 12448 

1 .961  970 

.3 

.866214 

1 .232190 

2.386617 

.6 

.P9I997 

1 .323  299 

2.773206 

.7 

.904959 

1 .391547 

3.117876 

,P 

.909201 

1 .441332 

3.422199 

.3 

.907395 

1 .478084 

3.689952 

1 .0 

.902096 

1 .504263 

3 .923528 

1 . 1 

.F940S9 

1 .522330 

4.133161 

1 .2 

.884330 

1 .534733 

4.316666 

1 .3 

.873389 

1 .342261 

4.47933F 

1.4 

.862240 

1 .946164 

4.624072 

1 .3 

,830379 

1.347240 

4.753212 

i.c 

.83ftP08 

1 .546103 

4.868813 

1.7 

,827069 

1 ,343234 

4.972600 

1 .P 

.813457 

1 .538999 

5.066033 

1 .3 

.804037 

1 .533682 

3.150339 

2.0 

.792854 

1 .527524 

5.226641 

2.1 

.78  1933 

1 .320703 

5.295792 

2.2 

.771297 

1 .513367 

5 .358598 

2.3 

.76094F 

1 .50  5634 

5.415738 

2.4 

,730891 

1.497598 

5,467805 

2.3 

.741124 
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1 .489337 

5.515312 
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TABLE  C-2  (Continued) 

POTH  95TF  AND  5PTW  PERCENTILES  2F  THE  l.  fiGVPiRMAL  DISTRIBUTION 
FOR  MEANS  AND  SIGMAS  FROM  .1  TO  2.5 


SIGMA 

pO  PFRCENT 

95  PERCENT 

99  PERCENT 

.1 

,631943 

.679086 

.777212 

.2 

,760609 

.874876 

1 .137550 

.3 

.F 72622 

1 .067374 

1 .55753  1 

. 4 

.$£1634 

1 .841604 

2.005182 

.5 

1 .027614 

1 .390560 

2.458463 

.G 

I .073P20 

1 , 513376 

2.PP0576 

.7 

1 ,104373 

1 .612423 

3 .879442 

.F 

1 .123074 

1 .691219 

3 .6451  IP 

.9 

I .132997 

1 .753389 

3 .977331 

1 .0 

1 .13650  1 

1 .80  191  5 

4.877744 

I .1 

1 .13534F 

1 ,F3f 6 1 p 

4 . 5 4FFP 6 

I .2 

1 • 1 3 OPS  1 

1 .P6F57F 

4.793601 

1 .3 

1 .123902 

1 . F P C 5 0 5 

5.01  4637 

1 .4 

1 .1  1 523P 

1 .906757 

5.81 4599 

I .5 

1 .105413 

1 .9184  1 7 

5 ,595832 

1 .6 

1 ,094746 

1 .926344 

5.560487 

I .7 

1 .OF  3 53  9 

1 .93  1227 

5.7IOP.26 

I .P 

1 ,072000 

1 .933619 

5.846844 

I .P 

1 ,0£02p6 

1 .933067 

5.971695 

2.C 

1 .04P510 

1 .9386J2 

S.OBGOI 7 

2.1 

1 .036761 

1 ,989910 

6.190892 

2.2 

1 .025102 

1 .986043 

6.887873 

2.3 

1 .013579 

1 .981  23  1 

6.375992 

2.4 

1 .002226 

1 .91 5639 

6.457785 

2.5 

.99  106P 

1 .909404 

6.533301 

.1 

.73  1693 

.777043 

.869834 

.2 

•P62P42 

,97083 4 

1 .211199 

.3 

.'83126 

I .I67IFP 

1 .610469 

.4 

1 .085942 

1 .353 5P 2 

2.046869 

.5 

1 .16  9000 

1 .52  1 98?. 

2.496  460 

.6 

1 .233137 

1 .668678 

2.942955 

.7 

■ 1 .2FO7F0 

1 .793573 

3 .3  73  288 

.P 

1 .31 48  IP 

1 .FPP807 

3 .78009) 

.? 

1 .33  7996 

1 .984948 

4,159809 

1 .0 

1 .352672 

2 .056338 

4.51  1 482 

1 . 1 

1 .360767 

8.1 14745 

4.835455 

1 .2 

■ 1 ,363902 

2.1  628,9  F 

5.133293 

1 .3 

1 .36  296  5 

2.200793 

5.406740  • 

1 .4 

1 .359175 

2.83 1 740 

5.657756 

1 .5 

1 .353143 

2.256394 

5.888292 

1 .6 

1 .34541? 

2.275793 

6.100214 

1 .7 

1 .336427 

2,290793 

6.295254 

1 .P 

1 .326496 

2.302100 

6,474999 

1 .9 

1 .31 5PP2 

8.310301 

6.640883 

2.0 

1 .304785 

8.31 5PPI 

6.794200 

2.1 

1 .293360 

2.319846 

S. 936107 

2.2 

1 .28  1730 

2.38073  I 

7.067644 

2.3 

1 .2S99FP 

8.380623 

7.1P9  73F 

2.4 

1 .258213 

8.3|?l5r 

7.303220 

2.5 

1 .24S4SF 
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2. 3!653« 

7.408P33 

90 TV  95T8  AND  99TH  PERCENTILES  0F  THE  LflflNffRMAL  D IKTRIBUT1BN 
F0R  MEANS  AND  SIGMAS  FR0M  .1  T0  0.5 


MEAN 

SIGMA 

90  PERCENT 

95  PERCENT 

99  PERCENT 

.7 

.1 

.831419 

.875479 

.964527 

.7 

.2 

,963 730 

1.067007 

1 .291 449 

.7 

.3 

1 .089006 

1 .264213 

1 .672466 

.7 

.4 

I .201 145 

1,457022 

2 .093129 

.7 

.5 

1 .296980 

1.637712 

2.5J6704 

.7 

.« 

1 ,375820 

t .801616 

2.987628 

.7 

.7 

1 .438660 

1.946784 

3.433  448 

.7 

.8 

1 .487393 

2.073190 

3.865316 

.7 

.9 

1 .924034 

2.181956 

4.277615 

.7 

1 .0 

1 .550769 

2.274767 

4.667249 

.7 

1 .1 

1 .569406 

2,353490 

5.032927 

.7 

1 .2 

1 .581 513 

2,419955 

5.374563 

.7 

1.3 

1 .588392 

2.475851 

5.692829 

.7 

1 .4 

1 .591  102 

2.522681 

5.988842 

.7 

1 .5 

1 .590498 

2.561753 

6.263945 

.7 

1 .6 

1 .587266 

2.594189 

6.519580 

.7 

1 .7 

1 .58  1958 

2,620949 

6.757189 

.7 

1 .8 

1 .575015 

2.642847 

6.978172 

.7 

1.9 

1 .566790 

2.660576 

7.183855 

.7 

2.0 

1 .557569 

2.674722 

7.375472 

.7 

2.1 

1 .547578 

2.685784 

7.554165 

.7 

2.2 

1 .53  7004 

2.694184 

7.720981 

.7 

2.3 

1 .525994 

2.700284 

7.876875 

.7 

2.4 

1 .514670 

2.704394 

8.022721 

.7 

2.5 

1 .503128 

2.706777 

8.159309 

.8 

.1 

.931  162 

.974251 

1 .060533 

.8 

.2 

1 ,064056 

1 .163625 

1 .376219 

.8 

.3 

1 .192355 

1 .360309 

1 .74  1 794 

.8 

.4 

1 .310835 

1 .556252 

2.147292 

.8 

.5 

1 .416089 

t .744592 

2,580199 

.8 

.6 

1 .506590 

1 .920432 

3 .027765 

.8 

.7 

1 ,582306 

2,080917 

3 .478  68  6 

.e 

.8 

1 .644182 

2.224896 

3 .923940 

.8 

.9 

1 .693677 

2.352439 

4.356931 

.8 

1 .0 

1 . 732427 

2.464379 

4 .773235 

.8 

1.1 

I .76204  1 

2.561961 

5.170179 

.8 

1 .2 

1.783995 

2.646597 

5.546412 

.8 

1 .3 

1 ,799583 

2.719721 

5.901 525 

.8 

1 .4 

1 ,809918 

2,782694 

6.23  5752 

.8 

1 .5 

1 .8  1 593  1 

2,836768 

6.549739 

.8 

1 .6 

1 .818402 

2.883065 

6.844390 

.8 

1 .7 

1 .81  7977 

2.922575 

7,120745 

.8 

l .8 

1 .815187 

2.956168 

7.379905 

.8 

1 .9 

I .81047  1 

2.984599 

7 .62298  0 

.8 

2.0 

I ,804  191 

3 .008525 

7.851056 

.8 

2.1 

1 .796645 

3.028515 

8.065175 

.8 

2.2 

1 .788078 

3.045060 

8 .26632^ 

.8 

2.3 

1 .778694 

3.058588 

8 .455421 

.8 

2.4 

1 .768661 

3.069467 

8 .633332 

.8 

2.5 

1 .75811  7 

3.07F0I9 

8 .800851 
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TABLE  C-2  (Continued) 

90TF  95TF  AFP  ??TF  PICP*C E N T I LES  ME  THE  1.8GNMPMAL  PISTRIIOflM 
F8R  MEANS  AND  SI3MAS  ER0M  .)  T 8 2.5 


MEAN 

SIGMA 

90  PERCENT 

95  PERCENT 

99  PERCENT 

.9 

.1 

1 .030931 

1 .073265 

t .157422 

.9 

.2 

1.164047 

1 .260697 

I .464119 

.? 

.3 

1 .294263 

1 .456252 

1 .61  6798 

.9 

• A 

1.417110 

1 .653454 

2.208278 

.9 

.5 

1 .529301 

1 .646392 

2,629723 

.9 

.6 

1 .628913 

2.030373 

3 .069403 

,9 

.7 

1.715256 

2.202172 

3 .51  9040 

.9 

.? 

1.768571 

2.359954 

3,969692 

.9 

.9 

1 .84  970  5' 

2,503008 

4.41  4433 

.9 

1 .0 

1 ,P  9983  1 

2.63  1441 

4.848279 

.9 

1.1 

1 .940245 

2.745891 

5.267616 

.9 

1 .2 

1 .972227 

2.84  731  1 

5.670136 

.9 

1 .3 

1 .996963 

2.936797 

6.054523 

.9 

1 .4 

2.013593 

3 .0  1 5469 

6 .42020 1 

.9 

1 .5 

2.029002 

3.0F449R 

6.767133 

.9 

1 .6 

2.03F047 

5.1448CB 

7.095653 

.9 

1 .7 

2.043413 

3.197562 

7.406342 

.9 

1 .9 

2.045703 

3 ,243446 

7.699939 

.9 

1 .9 

2.045416 

3.283303 

7.977272 

.9 

2.0 

2.042966 

3.31  7820 

8. 23  9 21  1 

.9 

2.1 

2.038762 

3 .347610 

8.4P66J4 

.9 

2.2 

2.033049 

3 .37321  1 

8.720407 

.9 

2.3 

2.026100 

3 .395098 

8.941369 

.9 

2.4 

2.0 1 PI  29 

3.413689 

9.150321 

.9 

2,5 

2.009314 

3.429353 

9.348023 

1.0 

.1 

1 .130727 

1.172456 

1.254932 

1.0 

.2 

1 .263885 

I .358172 

1 .554424 

1.0 

.3 

1 ,395320 

1 .552356 

1 .696169 

1 .0 

.4 

1 .521216 

1 .74975! 

2.275099 

1 .0 

.5 

1 .638543 

1 .94531 4 

2.684115 

1 .0 

.6 

1 ,745243 

2.134748 

3,115062 

1 .0 

.7 

1 .840237 

2.31 477P 

3.559686 

1 .0 

.6 

1 .923267 

2.4P320P 

4.0I 0364 

1 .0 

.9 

1 ,99  46P3 

2.63PP07 

4 .460544 

1 .0 

1 .0 

2.05522F' 

2.7P1  17.0 

4 .904925 

1 .0 

1 .1 

2.105864 

2.910267 

5 ,339443 

1 .0 

1 .2 

2.147639 

3 . 02675F! 

5 .76 1 151 

1 .0 

1 .3 

2.161603 

3 .131322 

6.166045 

1.0 

1 .4 

2.208751 

3.224847 

6,558884 

1 .0 

1 .5 

2,229993 

3.308247 

6.933015 

1 .0 

1 .0 

2.246149 

3 .382438 

7.290236 

1.0 

1 .7 

2,257939 

3.44P3CD 

7.630667 

1 .0 

1 .F 

2.265993 

3.506658 

7.954661 

1.0 

1 .9 

2,270858 

3,558270 

8.262731 

1 .0 

2.0 

12.273003 

3.603631 

8.555488 

1 .0 

2.1 

2.272633 

3.643945 

P.633607 

1 .0 

2.2 

2.270696 

3 .67923  7 

0.097791 

1.0 

2.3 

2.766667 

3.710151 

9 .348  754 

1 .0 

2.4 

2.26 1662 

3.7J7I57 

9.5P7201 

1 n 

2.5 

2,255239 

3 .760657 

9 .8(3820 

f 
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TABLE  C-2  (Continued) 

90TR  93TP  ANP  9?TN  PFRCENTILES  *r  THE  L0ON0RMAL  DISTRIBUTE 
F0R  MEANS  AND  SIGMAS  FR0M  .1  T0  2.5 


SIGMA 

90  PERCENT 

93  PERCENT 

99  PERCENT 

.1 

1 .230540 

1 .271782 

1.332894 

.2 

1 .363631 

1.433987 

1 .646393 

.3 

1 .493061 

1 .640741 

1.978922 

.A 

1 .623910 

1 .843723 

2.346761 

.5 

1 .745074 

2.042640 

2.744473 

.6 

1 .037291 

2.233643 

3 . 163363 

.7 

1 .939207 

2.421303 

3.603139 

.0 

2.030469 

2.398123 

4.050324 

.9 

2.130800 

2.763723 

4.501666 

i .0 

2.200683 

2.917323 

4.931377 

1.1 

2.260731 

3.039232 

5.393418 

i.e 

2.311807 

3.100963 

5.830477 

1.3 

2.334720 

3 .307132 

6.234084 

1.4 

2.390363 

3 .41 4o3C 

6.664489 

1.9 

2.419569 

3 . 5 1 1 263 

7.060337 

1 .6 

2.443116 

3.398687 

7.441 333 

1.7 

2 . 46  1 7 1 4 

3,677363 

7.807232 

1 .0 

2.473997 

3,740030 

8.137332 

1.9 

2.486330 

3.811 420 

8.492704 

2.0 

2 . 493 P 1 0 

S.F6F174 

8.813026 

2.1 

2.498274 

3.918917 

9 . 1 10963 

2.2 

2.500303 

3.964214 

9.411037 

2.3 

2.500228 

4.00437B 

9.689801 

2.4 

2.498338 

4 . 04 P 479 

9.933838 

2.3 

2.494804 

4.072338 

10.209739 

.1 

1 .330390 

1 .371212 

1.431 197 

.2 

1 .4633B9 

1 .5340P7 

1 .739668 

.3 

1 .396084 

1 .743438 

2.064328 

.4 

1 .729604 

1 .941669 

2.422398 

.3 

1 .849723 

2.139120 

2.809670 

.6 

1 .966232 

2.334377 

3.220938 

.7 

2.073906 

2.524304 

3.650483 

.0 

2.171884 

2,707163 

4.092337 

.9 

2,239885 

2.880649 

4.341 647 

1 .0 

2,337999 

3 .043844 

4.992921 

1.1 

2,406606 

3 . 196142 

5.442162 

1 .2 

2.466274 

3.337344 

5.885910 

1.3 

2.517682 

3.467567 

6.321 413 

1.4 

2.561560 

3.58  7146 

6.746575 

1 .5 

2.598641 

3.696569 

7.139852 

1.6 

2.629635 

3.796415 

7.560182 

1.7 

2.655213 

3,887310 

7.946891 

1.0 

2.673992 

3.969896 

8.319618 

1 .9 

2.692333 

4.044809 

0.678246 

2.0 

2.703344 

4.112663 

9.022045 

2.1 

2.714876 

4.174042 

9.333  627 

2.2 

2.721 553 

4.229491 

9.670910 

2.3 

2.723671 

4.279519 

9.973003 

2.4 

2.787603 

4.324597 

10.266586 

2.5 

2.727608 

4.365154 

10.545889 
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TABLE  C-2  (Continued) 

90TH  95TF  AND  S9TH  PFRCENTILES  PE  THE  P ISTRI9UT I .V 

FPP  MEANS  AND  SIGMAS  FROM  .1  T 2 2,* 


MEAN 

SIGMA 

90  PERCENT 

95  PFPPFPT 

99  PERCENT 

1.3 

.1 

1.43C251 

1.470724 

1.549761 

1.3 

.2 

1 .563 1 IP 

1 .632424 

1 .833959 

1.3 

.3 

i.epsicp 

1 .f  48.438 

2.151840 

1.3 

.4 

1 .P26FIP 

2.037742 

2.S0I30C 

1.3 

.5 

1 .953044 

2.235197 

2.879044 

1.3 

.6 

2.072902 

P.431792 

3,280874 

1.3 

.7 

2. 1P5194 

2.624832 

3.702044 

1.3 

.P 

2.2FP825 

2.812061 

4.137609 

1.3 

.9 

2.3P3362 

2.991715 

4.582731 

1.3 

1 .0 

2 ■ 46 P 677 

3.162523 

5.032906 

1 .3 

1.1 

2.544924 

3.323659 

5.4841  17 

1.3 

1 .2 

2,012463 

3 .474680 

3.932908 

1.3 

1 .3 

2.67! 7?S 

3.615456 

6.376403 

1.3 

1 .4 

2.723505 

3.746094 

6.812281 

1 .3 

1.5 

2.76P209 

3.P66P76 

7.238733 

1 .3 

1 .6 

2.P06336 

3,978205 

7.634398 

1 .3 

1 .7 

2.P3909P 

4 .080565 

8.038299 

1.3 

1 .8 

2.F66474 

4.174482 

8.449781 

1.3 

1 .9 

2.ES920P 

4.260502 

8.828452 

1.3 

2.0 

2.90779P 

4.339169 

9.194131 

1.3 

2.1 

2.922699 

4.411019 

9.546804 

1.3 

2.2 

2.934323 

4.476564 

9.886589 

1.3 

2.3 

2.943042 

4.536290 

10.213701 

1.3 

2.4 

2.949IP6 

4,590653 

10.528428 

1.3 

2.5 

2.953052 

4.640087 

10.831113 

1 .A 

.1 

1.530127 

1.570301 

1 .648530 

1.4 

. 2 

1 .66283? 

1 ,750959 

1.929053 

1 .4 

.3 

1 .796007 

1 .939720 

2.241048 

1.4 

.4 

1 .927320 

2. 134014 

2.582898 

1 .4 

.5 

2.055418 

2.331134 

2.951994 

1.4 

.6 

2.17PCI2 

2.528426 

3.344931 

1.4 

.7 

2.293961 

2.723440 

3.757761 

1 .4 

.P 

2.402290 

2.914045 

4.186238 

1.4 

.9 

2 .50238? 

3.09F490 

4.626168 

1.4 

1 .0 

2.393960 

3.275423 

5.073409 

1.4 

1 . 1 

2.676983 

3.44387P 

3.524221 

1 .4 

1 .2 

2.751641 

3.603232 

5.975236 

1 .4 

1 .3 

2.F1P272 

3.75315P 

6.423623 

1.4 

1 .4 

2 ,F  773  1 9 

3.893569 

6.866895 

1.4 

1 .5 

2 .929286 

4.024562 

7.303090 

1 .4 

1 .6 

2,974707 

4.I463P0 

7.730632 

1.4 

1 .7 

3.014124 

4.259361 

8.14831 I 

1.4 

1 .P 

3.04P067 

4.363913 

8.555230 

1.4 

1 .9 

3.077046 

4.4604P2 

F. 950761 

1.4 

2.0 

3.101539 

4.349535 

9.3344?? 

! .4 

2.1 

3,121990 

4,631545 

9.706221 

1 .A 

2.2 

3.13PPI 1 

4.706979 

10.065P53 

1 .4 

2.3 

3.152376 

4,776289 

10.413444 

1.4 

2.4 

3.163026 

4,839909 

10.749126 

1.4 

2.5 

3.171070 

4.F9P25! 

11.073110 
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TABLE  C-2  (Continued) 

90TH  99TH  AND  99TH  PERCENTILES  SP  THE  L SQNRRMAl  DISTRIBUTION 
F0R  MEANS  AND  SIQMAS  FROM  ,t  TO  8.3 


MEAN  . 

SIOM  A 

90  PERCENT 

93  PERCENT. 

99  PERCENT 

1.3 

.1 

1 ,630016 

1 .669932 

1.747464 

1.3 

• 8 

1,762374 

1 .649661 

2.024796 

1.3 

.3 

1 .893820 

2.037237 

2.331636 

1.3 

• A 

2.027922 

2.230515 

2.666732 

1.3 

.3 

2.137104 

2.427066 

3.027997 

1.3 

.6 

2,281827 

2.624627 

3.412649 

1.3 

.7 

2.400B03 

2,620923 

3.817390 

1.3 

if 

2,313043 

3.013966 

4.238612 

1,3 

.9 

2.617863 

3.202121 

4.672393 

1,3 

1 ,0 

2.714833 

3.363934 

3.113672 

1.3 

1 .1 

2.803834 

3 .338434 

5.364381 

1.3 

1 .2 

2.884901 

3,724812 

6.013545 

1.3 

1.3 

2.938193 

3.662612 

6.466339 

1,3 

1 .4 

3.024042 

4 .03  1387 

6.914311 

1.3 

1 .3 

3.082842 

4.171661 

7.337388 

1.3 

1 .6 

3.133033 

4.302964 

7.793834 

1.3 

1 .7 

3.181081 

4.423703 

8.222329 

1.3 

1 .8 

3,221439 

4.540129 

8.641727 

1.3 

1.3 

1 .9 

3,236630 

4.646606 

9.031223 

2.0 

3 .287044 

4.743318 

9.430227 

1.3 

2.1 

3.313126 

4.83  7270 

9.838323 

1.3 

2.2 

3.333274 

4.922272 

10.213272 

1.3 

2.3 

3.353839 

3.000934 

10.380931 

1.3 

2.4 

3.369223 

3.073637 

10.933333 

1.3 

2.3 

3.381680 

3.140829 

11.278336 

1.6 

.1 

1 ,729916 

1 .769607 

1.846332 

1.6 

.2 

1 .862323 

1 .948303 

2.121066 

1.6 

.3 

1 ,993601 

2.135021 

2.423362 

1.6 

.4 

2,128112 

2.327230 

2.752437 

1 .6 

.3 

2.238289 

2.523141 

3.106610 

1.6 

.6 

2.36471  I 

2.720619 

3.483  589 

1 .6 

.7 

2.306163 

2.917683 

3.880608 

l .6 

.8 

2,621670 

3.1 12503 

4.2945P4 

1.6 

,9 

2.730503 

3 .303456 

4.722269 

1 .6 

1 .0 

2.832178 

3.469163 

5.160398 

1 .6 

1 .1 

2.926430 

3 .668597 

5.605807 

1 .6 

1 .2 

3.013180 

3.640665 

6.055529 

1.6 

1 .3 

3.092508 

4.005401 

6.506855 

1,6 

1 .4 

3.164612 

4.161634 

6.957372 

1.6 

1 .5 

3,229781 

4.309977 

7.404978 

1 .6 

1 .6 

3 .266365 

4.449793 

7.847880 

1 .6 

1 .7 

3 .340753 

4.561367 

8.284583 

1.6 

1 .8 

3.387335 

■ 4.704679 

8.713863 

1.6 

1 ,9 

3.428585 

4.620576 

9.134743 

1 .6 

2.0 

3,464654 

4.928758 

9.54646$ 

1 .6 

2.1 

3.496560 

5.029756 

9.948475 

1.6 

2.2 

3.5240P2 

5.123921 

10,340358 

1 .6 

2.3 

3,547780 

5.21 1613 

10.721856 

1.6 

2.4 

3 .56798? 

5.293195 

1 1 .092824 

1.6 

2.3 

3 .585022 

226 

3.369022 

11.453212 

TABLE  C-2  (Continued) 

90TH  95TH  AND  99TH  PERCENTILES  PF  THE  LPGNPRMAL  DISTRIBUTIBN 
FPR  MEANS  AND  SIGMAS  FRPM  ,1  TP  2.5 


MEAN 

SIGMA 

90  PERCENT 

95  PERCENT 

99  PERCENT 

1.7 

.1 

1.829827 

1 .869318 

1.945710 

i 1.7 

.2 

1 .962086 

2.047465 

2,217773 

1.7 

.3 

2.095347 

2.232987 

2.516034 

1 1.7 

.4 

2.228155 

2.424214 

2.839719 

| 1.7 

.5 

2.359102 

2.6I934R 

3.187459 

1.7 

.6 

2.486889 

2.816547 

3.557354 

1 1.7 

.7 

2.610375 

3.014007 

3.947076 

! . 1.7 

.8 

2.728613 

3.210038 

4.353981 

, | 1.7 

.9 

2,840861 

3.403117 

4.775237 

! 1.7 

1.0 

2.946585 

3.591923 

5.207944 

1.7 

1.1 

3.045443 

3.775356 

5.649235 

1 I*7 

i.e 

3,137267 

3.952539 

6. 096367 

1.7 

1.5 

3.222039 

4.122810 

6.546778 

i 1.7 

1.4 

3.299859 

4.285703 

6.998136 

1.7 

1.5 

3.370922 

4.440926 

7.448358 

1.7 

l.f 

3.435493 

4.5FP333 

7,895625 

1.7 

1.7 

3.4938F8 

4.727905 

8.338373 

1.7 

1.8 

3 .546450 

4.859718 

8.775282 

1.7 

1.9 

3.593544 

4.983931 

9.205264 

1.7 

2.0 

3.635536 

5.100759 

9.627437 

1.7 

2.1 

3.672792 

5.210460 

10.041102 

1.7 

2.2 

3.705666 

5.313325 

10.445728 

1.7 

2.5 

3.734500 

5,409660 

10.840922 

1.7 

2.4 

3.759617 

5.499782 

11 .226415 

1.7 

2.9 

5.781324 

5.584013 

11.602041 

1.8 

.1 

1 .929746 

1 .969059 

2.044980 

i.e 

.2 

2.061862 

2.146530 

2.314844 

i.p 

.5 

2.195078 

2.331  130 

2.609502 

i.e 

.4 

2,328093 

2.521394 

2.928338 

UP 

.9 

2.459639 

2.715733 

3.270231 

i.e 

.6 

2.SF8525 

2.912503 

3.633  597 

■!  i.e 

.7 

2.713689 

3.110079 

4.016462 

, 1.6 

.8 

2.834220 

3.306909 

4.416555 

! 1.8 

.9 

2.949378 

3.501566 

4.831407 

j 1.8 

1.0 

3.058602 

3.692784 

3.258445 

1.8 

1.1 

3.161497 

3,879476 

5.695085 

' 1.8 

1 .2 

3 .257826 

4.060745 

6.138806 

, 1.8 

1.5 

3.347492 

4.235880 

6.587213 

1.8 

1.4 

3 .430512 

4.404345 

7.038080 

1.8 

1 .5 

3.506999 

4.565766 

7.489381 

1.8 

1.6 

3,577142. 

4.719909 

7.939304 

1.8 

1 .7 

3.641  194 

4.866663 

8.386257 

* . i.e 

1.8 

3.699410 

5.006017 

8.828865 

| 1.8 

1 .9 

3.752129 

5.138043 

9.265958 

> 1.8 

2.0 

3.799662 

5.262881 

9.696537 

1 l.F 

2.1 

3 ,842339 

5.380719 

10.119863 

, 1 1.8 

2.2 

3.F804F6 

5.491783 

10.535232 

! 1.8 

2.5 

3.914422 

5.596327 

10.942161 

i i.e 

2.4 

3.944453 

5.694622 

1 1.340273 

! l.F 

2.5 

3.970875 

5.786949 

11.729294 

TABLE  C-2  (Continued) 


90TH  SStH  AND  99TH  PERCENTILES  BP  THE  LBflNBRMAL  DISTR1BUT1BN 
PAR  MEANS  AND  SIGMAS  FR0M  .1  TB  2.5 


MEAN 

SIGMA 

1.9 

.1 

1.9 

.2 

1.9 

.3 

1.9 

.4 

1.9 

.9 

1.9 

.6 

1.9 

.7 

1.9 

.8 

1.9 

.9 

1.9 

1 .0 

1.9 

1 .1 

1.9 

I .2 

1.9 

1 .3 

1.9 

1 .4 

1.9 

1.5 

1.9 

1 .6 

1.9 

1.7 

1.9 

1 .8 

1.9 

1 .9 

1.9 

2.0 

1.9 

2.1 

1.9 

2.2 

1.9 

2.3 

1.9 

2.4 

1.9 

2.5 

2.0 

.1 

2.0 

.2 

2.0 

.3 

2.0 

.4 

2.0 

.5 

2.0 

.6 

2.0 

.7 

2.0 

.6 

2.0 

.9 

2.0 

1.0 

2.0 

1.1 

2.0 

1.2 

2.0 

1.3 

2.0 

1.4 

2.0 

1.5 

2.0 

1.6 

2.0 

1.7 

2.0 

1 .8 

2.0 

1 .9 

2.0 

2.0 

2.0 

2.1 

2.0 

2.2 

2.0 

2.3 

2.0 

2.4 

2.0 

2.5 

90  PERCENT 

2.029(72 
2,161(52 
2.294603 
2,427956 
2.559966 
2.(69744 
2.61(297 
2.936756 
3,05(402 
3.1(6655 
3,275067 
3.375412 
3.469467 
3.557202 
3.636660 
3.713962 
3.763266 
3 .64(857 
3.904933 
3.957791 
4,005720 
4.049016 
4.067972 
4,122675 
4.154005 

2.129604 

2.261455 

2.394526 

2,527771 

2,660141 

2,790639 

2.916344 

3.042436 

3.162209 

3,277067 

5.386621 

3,490466 

3.586472 

3.660474 

3.7(6473 

3.646535 

3.920775 

3,989366 

4,052515 

4.110456 

4. 163439 

4,211727 

4.2555P5 

4.295278 

4,351066 


95  PERCENT 

2,066627 

2.245683 

2.429432 

2.616776 

2.812304 

3,006547 

3.206033 

3.403342 

3.599144 

3.792234 

3.961554 

4.166206 

4.345450 

4.516704 

4,665530 

4.645625 

4,996600 

5.144969 

5.264129 

5,416346 

5.541744 

5.660490 

5,772782 

5.676645 

5,976920 

2,166618 

2,344912 

2.527673 

2.716343 

2.909063 

3.104712 

3.301960 

3.499503 

3.696105 

3,690629 

4.062055 

4,269495 

4,452200 

4.629556 

4.601061 

4.966416 

5.125311 

5.277614 

5.423256 

9.562241 

5.694630 

5.620534 

5.940099 

6.053505 

6.160946 


99  PERCENT 

2.144327 
2.412223 
2.703645 
3.016101 
3.354667 
3 .7 1 20 1 2 
4.068458 
4.482047 
4.890622 
5.31  1902 
5.743  564 
6.183305 
6.628900 
7.078249 
7.529403 
7.980587 
6.430213 
B. 876876 
9.3  19358 
9.756613 
10.187760 
10.612068 
11.028943 
1 1.437912 
I 1 .838609 

2.243739 
2,509864 
2,798364 
3.108846 
3.440546 
3.792337 
4.162786 
4.550199 
4.952687 
5.368230 
5.794741 
6,230124 
6.672324 
7.1  19371 
7.569411 
P. 020 727 
8.471755 
8.921088 
9.367483 
9.809650 
10.247251 
10,678686 
1 1.104067 
11,522502 
1 1.933087 
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TABLE  C-2  (Continued) 

90TH  95TH  AMD  99TH  PERCENTILES  BE  THE  LBGNBRMAL  DISTRIBUTION 
FBR  MEANS  AND  SIGMAS  FROM  .1  TB  2.5 


MEAN 

SIGMA 

90  PERCENT 

99  PERCENT 

99  PERCENT 

2.1 

.1 

2.229943 

2.268427 

2.343207 

2.1 

.2 

2.361270 

2.444209 

2.607729 

2.1 

.3 

2.494296 

2.626436 

2.693360 

2.1 

• 4 

2.627942 

2.614061 

3.200446 

2.1 

,s 

2.760199 

5.006004 

3.927666 

2.1 

.6 

2.691290 

3.201021 

3.874346 

2.1 

.7 

3,019946 

3.397921 

4.239196 

2.1 

.9 

3.149416 

3.999909 

4.620769 

2.1 

.9 

3.267016 

3,792639 

9.01  7397 

2.1 

1 .0 

3.364176 

3.966242 

9.427299 

2.1 

1 .1 

3.496432 

4.161340 

9.646597 

2.1 

1 .2 

3,603436 

4.371067 

6.279387 

2.1 

1 .3 

3.704941 

4.996676 

6.71  7781 

2.1 

1.4 

3.600797 

4.737336 

7,161940 

2.1 

I .3 

3.690940 

4.913139 

7.6101 13 

2.1 

1.6 

3.9733  76 

9.063070 

6.060694 

2.1 

1 .7 

4.094176 

9.247045 

8.912040 

P.l 

1 .P 

4.127461 

3.404P46 

8.962683 

2.1 

1.9 

4.199392 

3.996361 

9.41  1934 

2.1 

2,0 

4.236160 

3.701926 

9.898080 

2.1 

2.1 

4.513979 

9.P40333 

10,300343 

2.1 

2.2 

4.569076 

9.972697 

10.737874 

2.1 

2.3 

4.417690 

6.099299 

1 1.169946 

2.1 

2.4 

4.462060 

6.219970 

1 1 .999948 

2.1 

2.9 

4.902426 

6, .335986 

12.01  9363 

2.2 

.1 

2.329466 

2.366293 

2,442724 

2.2 

.2 

2,461097 

2.943964 

2.709789 

2.2 

.3 

2.993991 

2.7231  13 

2.989227 

2.2 

.4 

2.727302 

2.911974 

3.292786 

2.2 

.9 

2.660160 

3.103121 

3.619929 

2.2 

.6 

2.991722 

3.2974F3 

3.997644 

2.2 

.7 

3.121 191 

3.493936 

4.317468 

2.2 

.6 

3.247836 

3.691449 

4.693922 

2.2 

.9 

3.371006 

S.F66B89 

5.084946 

2.2 

1 .0 

3,490146 

4.063260 

5.468951 

2.2 

1 .1 

3.604796 

4,279692 

5.909053 

2.2 

1 .2 

3,714963 

4.471263 

6.331127 

2.2 

1 .3 

3,619237 

4.699322 

6,769437 

2.2 

1 .4 

3.916974 

4.743166 

7.206276 

2.2 

1 .3 

4.012466 

9.022286 

7,692004 

2.2 

1 ,6 

4.100936 

9.196290 

8.101049 

2.2 

1 .7 

4.163996 

9.364720 

B. 591944 

2.2 

1 .9 

4.261616 

9.927446 

9.003333 

2.2 

1 .? 

4.334037 

9,664297 

9.453976 

2.2 

2.0 

4.401371 

9.639049 

9.902754 

2.2 

2.1 

4.463794 

9.979782 

10.3  46668 

2.2 

2.2 

4.321901 

6.1 16469 

10.790635 

2 .2 

2.3 

4.974703 

6.291 191 

1 1.228486 

2,2 

2.4 

4.623613 

6.377930 

1 1.660995 

2.2 

2.9 

4.666493 

6. 496920 

12.08  76  7 4 
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TABLE  C-2  (Continued) 

»0TM  99TH  AND  I9TN  PERCENTILE*  tf  THE  L60N8RMAL  DISTRIBUTION 
F6R  MEANS  AND  SIGMAS  FRR6I  .1  T0  2.3 


MEAN 

SIOMA 

90  PERCENT 

99  PERCENT 

99  PERCENT 

2.3 

.1 

2.429433 

£.468094 

2.942884 

2.3 

.2 

2.960934 

2.642971 

2.804017 

2.3 

.3 

2,693734 

2.823890 

3.089841 

2.3 

§ 4 

2.127041 

3.010009 

3.389779 

2.3 

.9 

2.960058 

3.200404 

3.709149 

2.3 

.6 

3.092007 

3.394101 

4 .042668 

2.3 

.7 

3.222147 

3.990093 

4.397407 

2.3 

.e 

3.349791 

3,767374 

4.768860 

2.3 

.9 

3.474318 

3.964958 

9.  193937 

2.3 

1.0 

3 .999188 

4.181905 

9.993  021 

2.3 

1.1 

3.711939 

4.377334 

9.964001 

2.3 

i.e 

3.624197 

4.570  438 

6.389313 

2.3 

1.3 

3.931671 

4.760495 

6.819366 

2.3 

1.4 

4.034147 

4.946873 

7.292984 

2.3 

1.9 

4.131467 

5.129030 

7^699429 

2.3 

t.c 

4.22361$ 

5.306913 

8.142406 

2.3 

1.7 

4.310931 

5.478955 

8.992123 

2.3 

1 .8 

4.392299 

9.646072 

9.043260 

2.3 

1 .9 

4.468883 

9.807693 

9.494601 

2.3 

2.0 

4.940319 

9.963993 

9.949033 

2.3 

2.1 

4,607309 

6.II36BB 

10.393949 

2.3 

2.2 

4.669417 

6.298029 

10.839248 

2.3 

2.3 

4.727024 

6.396977 

11.261326 

2.3 

2.4 

4.780320 

6.929392 

11.719086 

2.3 

2.9 

4.829903 

6.696993 

12.191913 

2.4 

.1 

2.929389 

2.967948 

2.641880 

2.4 

.2 

2.660761 

2.742424 

2.902393 

2.4 

.3 

2.79  3 489 

2.922794 

3.161999 

2.4 

• 4 

2.926770 

3,108173 

3.4793  3 6 

2.4 

.9 

3.059909 

3.297844 

3.799221 

2.4 

.6 

3.192169 

3.490879 

4.128696 

2.4 

.7 

3.322671 

3.686349 

4.478841 

2.4 

.2 

3.451367 

3.983336 

4.844796 

2.4 

.9 

3.577066 

4.060926 

5.229363 

2.4 

1 .0 

3 .699443 

4.278240 

9.619341 

2.4 

t.t 

3.618091 

4,474439 

6.029312 

2.4 

1.2 

3.932904 

4.668799 

6.441876 

2.4 

1.3 

4.042902 

4.860486 

6.867980 

2.4 

1 .4 

4.14761 1 

9.049006 

7.300966 

2.4 

1.9 

4.248266 

9,233777 

7.740997 

2.4 

1.6 

4.343769 

9.414327 

8.189074 

2.4 

1.7 

4.434268 

9.990271 

6.633062 

2.4 

1 .8 

4.319770 

9.761297 

9.063894 

2.4 

1 .9 

4.600320 

9,927162 

9.934989 

2.4 

2.0 

4.679998 

6.067686 

9.969841 

2.4 

2.1 

4,746918 

6.242791 

10.436098 

2.4 

2.2 

4.81321 1 

6.392263 

10.884324 

2.4 

2.3 

4.879033 

6.936298 

11.329821 

2.4 

2.4 

4.932547 

6.674689 

11.771820 

2.4 

2.9 

4.989930 

6.807623 

12.209677 
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TABLE  C-2  (Continued) 

90T8  95TH  AIT  P?TV<  PERCFNT1L.ER  FF  TME  LPIGN0RMAL  PISTRIBUT18N 
FOR  MFANS  AFP  SIGMAS  FRRM  .1  TP  2.5 


MEAN 

F 1 GMA 

90  PERCENT 

95  PFRCFNT 

99  PERCENT 

2.5 

.1 

2.629340 

2.667813 

2.741508 

2.5 

.2 

2.760637 

2.P4  191  R 

3 .000900 

8.5 

.3 

S. 893245 

3 .02  1 69 p 

3 .27P240 

8.5 

. A 

3 .026496 

3 .206456 

3 .573  402 

2 • 5 

.5 

3 .1 5P7IS 

3 .39  5429 

3 .PP6060 

P.5 

.6 

3 .292232 

3.5P7P02 

4 .21 5698 

2.5 

.7 

3 .423407 

S.7P2733 

4.561619 

? .5 

• F 

3.552631 

3.979367 

4.922959 

8.5 

.9 

3 .679345 

4.176057 

5.29871  1 

2.5 

1 .0 

3.P03044 

4 ,3  743  7P 

5.6P7748 

P.5 

1.1 

3.923296 

4,571145 

6 .OP  8849 

?.  .5 

1 .2 

4,039693 

4.766421 

6 ,500724 

2.5 

1 .3 

4.151953 

4,959530 

6.922045 

2.5 

1 .4 

4.259P20 

5.149PR0 

7.351 468 

2 .5 

1 .5 

4 .363 1 Op 

5,33686? 

7.7P  7655 

2.5 

1 .6 

4,461690 

5.5200P6 

8.229293 

2.5 

1 .7 

4.555493 

5.6991 1 1 

F. 67511  3 

2.5 

1 .F 

4.644491 

5.P736I  0 

9.123910 

2.5 

1 .9 

4.78P699 

6.043!  16 

9.57  4531 

2.5 

2.0 

4 .POP  169 

6.2PF02O 

10  .025909 

2.5 

2.1 

4.PE29P1 

6.367570 

10.477052 

2.5 

2.2 

4.953244 

6.521R62 

10.927051 

2.5 

2.3 

5.0190P3 

6.670F3'' 

1 1 .575079 

2.5 

2 .A 

5.0PPS40 

6.P144PO 

1 1 .B2P3P8 

2.5 

2.5 

5.13P070 

6.952P0  1 

12.262313 

2.6 

.1 

2.7P.929P 

2.7676FF 

2.P41I65 

2.6 

.2 

2.PC0502 

2.941 44P 

3.099521 

2.6 

.3 

2,99301 4 

3.12071 4 

3 .375139 

2.6 

.A 

3 . 1 26220 

3.304P4? 

3 .66791  7 

2 .6 

.5 

3 .259494 

3.493150 

3 .977580 

8.6 

.6 

3.392217 

3.6P4P76 

4.303681 

2.6 

.7 

3.5237PP 

3 ,F  79250 

4.645608 

2.6 

.P 

3,653637 

4,075494 

5.002601 

2.6 

.9 

3 , 7p 1 23 1 

4.2727FF 

5.373764 

2.6 

1 .P 

3.9060PP 

4.470394 

5,758088 

2.6 

1 .1 

4.027777 

4.667560 

6.154472 

2.6 

1 .2 

4.1 45924 

4.P635P4 

6,561748 

2.6 

1 .3 

4.260213 

5.057P1F 

6.978699 

2.6 

1 .A 

4.3703PP 

5,249664 

7.4O40P8 

2.6 

1 .5 

4,476249 

5.43P590 

7.R36670 

2.6 

1 .6 

4,577649 

5,624122 

P .2752 1 P 

2.6 

1 .7 

4,674491 

5.P05P5! 

8.71853  4 

2,6 

1 .8 

4.766724 

5,98345  1 

9.165462 

2.6 

1 ,9 

4.P54337 

6.1  56573 

9.61 4901 

2.6 

2.0 

4.937354 

6.325046 

1 0.065812 

2.6 

2.1 

5.C15P31 

6.4PP671 

10.517223 

8.6 

2.2 

5.0F9P4F 

6.647J 17 

1 0.968234 

2.6 

2.3 

5.1 59507 

6.POOP97 

1 I.41F0I7 

2.6 

2. A 

5.224927 

6.949361 

1 1.865P17 

2.6 

2.5 

5,2.86241 

7.092695 

1 2.3 10950 
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APPENDIX  D - MAINTENANCE  TIME  STANDARD  DATA 

The  data  colleoted  for  establishment  of  the  maintenance  time  standards 
described  In  section  4 Is  presented  in  this  appendix.  Table  D-l  provides  a listing 
of  tlte  task  categories  for  whioh  data  was  colleoted.  Table  D-2  presents  the  data 
oollected.  Each  column  in  table  D-2  presents  the  data  collected  for  the  correspond- 
ing task  type  of  Table  D-l.  Also  lnoluded  in  Table  D-2  Is  the  quantity  of  task  data 
(N)  collected  for  each  type,  the  mean  of  the  data  (6),  and  the  standard  deviation  of 
the  data  (a).  All  times  are  In  seconds. 
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TABLE  D-l.  DEFINITION  OF  DATA  SET  CODES 


Data 

Applicable 

Set 

Time  Stand- 

Description 

Code  # 

ard  Number 

1 

1A 

Rumovo  ScrowH  (plitllips) 

1 

2 

IB 

Replace  Screws  (phiUiym) 

! 3 

1A 

Remove  slot  head  screws 

4 

IB 

Replace  slot  head  so  rows 

1 

B 

7A 

Remove  maohino  sorows  (w/washer  & nut) 

i 

6 

7B 

Replace  machine  screws  (w/washer  & nut) 

l 

1 

7 

3A 

Remove  captive  fasteners 

I 

! 8 

3B 

Replace  o&ptlve  fasteners 

9 

I i 10 

8A 

8B 

Remove  nutH  or  bolts  1 

Replace  nuts  or  bolts  1 

With  a wrench 

' 11 

10A 

Disengage  drawhook  latch 

12 

10B 

Engage  drawhook  latch 

l 

13 

46A 

Remove  adhesive  from  a PCB  or  component 

14 

40B 

Apply  adhesive  to  a PCB  or  component 

i 

15 

10A 

Remove  a lead  from  a turroi 

10 

16B 

terminal 

Connect  a lead  to  a turret 
terminal 

No  soldering  time 

17 

21A 

Remove  discretes  from  a PCB 

j 

18 

21B 

Replace  dlBoretcs  on  a PCB 

19 

23A 

Remove  on  8 pin  IC  from  a 
PCB  (DIP) 

No  soldering  time 

20 

23B 

Replace  an  8 pin  IC  rna 
PCB  (DIP) 

21 

25A 

Demate  a BNC  oonnootor 

| single  pin 

i 

22 

25B 

Mate  a BNC  connector 

i 

23 

29A 

Domato  a friotion  locking  connector  with  jaokscrew 

24 

29B 

Mato  a friction  locking  oonnootor  with  jaoksorow 

i 

25 

32A 

Remove  a DIP  IC  from  a socket 

I 

20 

32B 

Roplttco  a DIP  IC  in  a socke 

27 

34A 

Remove  a PCB  (guided) 

28 

29 

34B 

37A 

Roplacu  a PCB  (guided) 
Remove  a PCB  (not  guided) 

No  tool  usod  (80  pin) 

i 

30 

37B 

Replace  a PCB  (not  guided) 

i 

J 

31 

40A 

Hand  prepare  a wire  (strip  leads) 

\ 

32 

41 

Cut  slooving 

33 

42 

Dross  wire  with  slueving 

34 

43 

Crimp  lugs 

35 

49 

Soldering  a lead  on  a PCB 

30 

48 

Soldering  a load  on  a terminal  post 

i 

37 

52 

Dosoldoring  with  braided  copper 

i 

9 

J 

38 

53 

Dosoldering  with  a solder  sucker 

i 

39 

9A 

Remove  a retaining  ring 

| 

40 

9B 

Replace  a retaining  ring 

41 

18A 

Remove  a termipoint  clip 

. 

42 

18B 

Replace  a termipoint  clip 

TABLE  D-l.  DEFINITION  OF  DATA  SET  CODES  (Cont) 


Data 

Set 

Code  # 

Applicable 
Tima  Stand- 
ard Number 

Description 

43 

39 

Out  Wire 

44 

19B 

Wire  wrap  using  a hand  gun 

45 

19A 

Unwrap  using  a hand  tool 

46 

12A 

Open  butterfly  latch 

47 

12B 

Close  butterfly  latch 

48 

13A 

Remove  an  ATR  latch  (pair)  } SprlQg  loadftd 

Replace  an  ATR  latoh  (pair)  ) 

49 

13B 

50 

57A 

Remove  a threaded  cover 

51 

57  B 

Replaoe  a threaded  cover 

52 

34A 

Remove  40  pin  oard  with  tool 

53 

34  B 

Replace  40  pin  oard  with  tool 

54 

B5A 

Open  drawer 

55 

55  B 

Close  drawer 

56 

35A 

Remove  SO  pin  oard  with  tool 

57 

35B 

Replace  80  pin  oard  with  tool 

58 

14A 

Disengage  a lift  & turn  latoh 

09 

14B 

Engage  a lift  & turn  latoh 

60 

54A 

Open  panel 

61 

54  B 

Close  panel 

62 

53 

Clean  small  surface  with  alcohol  or  any 
other  solution 

63 

43 

Trim  leads 

64 

42 

Form  loads  with  pliers 

65 

49 

Tin  leads  of  a flatpaok  IC  by  dipping 
prooess 

68 

52 

Form  leads  of  a flatpaok  IC  by  using 
a die 

87 

22B 

Position  flatpaok  1C  on  PCB 

68 

48 

Reflow  solder 

80 

27A 

Remove  quick  disconnect  ooax  connector 

70 

27B 

Replace  quick  disconnect  ooax  connector 

71 

28A 

Demate  multlpln  BNC 

72 

26B 

Mate  multlpln  BNC 

73 

30A 

Demate  a threaded  oonneotor  (single  pin) 

74 

SOB 

Mate  a threaded  oonneotor  (single  pin) 

75 

5A 

Remove  a TRIDAER  fastener 

76 

5B 

Replace  a TRIDAIR  fastener 

77 

56A 

Remove  a display  light 

78 

58B 

Replace  a display  lamp 

79 

37A 

Remove  a module  (guided) 

80 

37  B 

Replace  a module  (guided 

Demate  a slide  locWng  connector 

81 

31A 

82 

31B 

Mate  a slide  locking  oonneotor 
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TABLE  D-l.  DEFINITION  OF  DATA  SET  CODES  (Cont) 


Data 

Set 

Code  # 

Applicable 
Time  Stand- 
ard Number 

Description 

83 

46A 

Remove  conformal  coating 

84 

45  B 

Replace  oonformal  coating 

85 

24A 

Remove  a 16  pin  IC  from  a | 
POB  (DIP) 

No  soldering 

86 

24B 

Replace  a 16  pin  IC  on  a 
PCB  (DIP)  J 
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2.14  4. 1C  3US2  1.73  6.12  1.21  1-42  7.11  0.14  0.15 


TABLE  D-2.  DATA  COLLECTED  (Coot) 


TABLE 


TABLE  D-2.  DATA  COLLECTED  (Cont) 


5.61  6.67  1.11  - 2.55  9.24  j - 4.66  0.65  I 5.2»  1.94  [0.35  0.61 


TABLE  D~2.  DATA  COLLECTED  (Gout) 
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APPENDIX  E — REGRESSION  ANALYSIS  FOR  LOW  TEMPERATURE  WORK  FACTORS 
The  data  obtained  from  Teat  Methodology  Reaearoh  Investigation  of  Maintenance 
Performance  In  an  Arctic  Environment  waa  analyzed  using  a linear  regression  pro- 
gram, The  program  Implemented  usee  Newton's  least  squares  approximation  to  fit 
the  beat  possible  line  to  a set  of  data  points.  In  order  to  fit  curves  such  as;  exponen- 
tial, hyberbolaa,  and  powor  functional  the  data  was  transformed  so  that  the  linear 
forms  of  the  models  oould  be  fitted. 

The  various  models  that  the  data  points  were  fitted  against  were; 


Function 

General  Form 

Linear  Form 

1 

LINEAR 

Y -AjX  + A0 

Y >*  AXX  + A0 

2 

EXPONENTIAL 

Y « AeBX 

LH(Y)  - BX  4 LN(A) 

3 

POWER  FUNCTION 

Y - AXB 

LN(Y)  - B(LN(X»  4 LN(A) 

4 

INVERSE 

Y-<xVB 

1/(Y-B )“^(X)  4 C/A 

The  above  models  were  ran  for  each  data  set  obtained  from  the  previously  men- 
tioned document.  The  program  set  up  transformed  the  data  by  the  following  trans- 


formation  equatlonat 

LINEAR 

Y' 

» Y 

X'  - X 

Bo-Bo 

VB1 

EXPONENTIAL 

Y' 

- LN(Y) 

X'  “X 

Bq  ~ LN(A) 

Bj  -B 

POWER  FUNCTION 

y' 

- LN(Y) 

X'  “ LN (X) 

Bq  - LN(A) 

Bj  -B 

INVERSE 

y' 

- l/(Y-B)+ 

X'  - X 

B0  - C/A 

Bj  - 1/A 

+B  Is  a constant  that  translates  the  curve  up  and  down  the  Y axle. 

The  results  of  eaoh  model  are  tabulated  on  the  following  pages.  The  model  that 
exhibited  the  boBt  results  was  the  Inverse  model.  The  data  sets  with  high  correlation 
were  averaged  together  (weighted  by  the  correlation  coefficient)  to  produoe  the  model 
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t 


shown  below. 


Y “ 


52.07 
(X  + 72.43) 


0.715 


where  Y ■ the  multiplication  factor  for  the  repair  time 
X - the  temperature  in  (°F) 


CORRELATION  ANALYSES  RESULTS 


LINEAR  MODEL  - Y ■ AjX  + AQ 


Data  Set  * 
Number  0 

A1 

R 

1 

8.706 

0.114 

0.505 

2 

1.543 

0. 884 

0.698 

3 

9.358 

0.740 

0.451 

4 

5. 794 

0.029 

0.393 

5 

7.441 

0.060 

0.293 

6 

16.15 

0.113 

0.459 

7 

12.25 

0.139 

0.574 

8 

12.38 

0.116 

0.513 

EXPONENTIAL  MODEL  ~Y  - Ae®* 


Data  Set 
Number 

Ao 

A1 

R 

1 

2.410 

0.005 

0.482 

2 

1.204 

0.011 

0.826 

3 

2.240 

0.006 

0.505 

4 

1.735 

0.004 

0.459 

5 

2.085 

0.004 

0.333 

6 

2.842 

0.004 

0.472 

7 

2.611 

0.006 

0.639 

a 

2.604 

0.005 

0.554 

7" 
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POWER  FUNCTION  MODEL  - Y = AxB 


Data  Set 
Number 

A0 

A1 

R 

1 

2.207 

0.160 

0.329 

2 

0.339 

0.417 

0. 76^ 

3 

1.674 

0.239 

0.529 

4 

1.322 

0.177 

0.  607 

5 

1.642 

0.188 

0.333 

6 

2.615 

0.140 

0.362 

7 

2.159 

0. 229 

0. 664 

, 8 

2.280 

0.182 

0.452 

INVERSE  MODEL 


Data  Set  A 
Number  0 

A1 

B 

R 

MODEL 

1 

0.033 

0.00009 

-14.3 

0.478 

. -11417  _ .. 

Y X - 375  14,3 

2 

0.  374 

0.00881 

2.03 

0.620 

v-x-«.s*2'93 

3 

0.339 

0.00672 

8. 14 

0.770 

4 

0.  612 

0.01208 

4.81 

0.802 

y"x  “o..*4'61 

6 

0.  223 

0.00162 

7.18 

0.385 

6 

0.  229 

0.00005 

-20.4 

0.475 

Y m “18986  0 

* X - 435 

7 

0.  244 

0.00434 

13.74 

0.786 

Y-  iffk  + 13-74 

8 

0.062 

0,00026 

0,0 

0.574 

..  , -3865.5 
* X-  202.8 

MODELt  LINEARIZED  MODEL! 


Y'xtc  + b vi§“rx  + c/A 

A0-l/A 
Ax  - C/A 
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DATA  OBTAINED  FROM  MAINTENANCE  PERFORMANCE 
IN  AN  ARCTIC  ENVIRONMENT 


Repair  Aotion 
#1 


Repair  Aotion 
#2 


Temp*  <°F) 

Time  (Min. ) 

Temp*  (°F) 

Time  (Min. ) 

11.75** 

8. 50** 

-20. 00 

15.00 

-28.00 

17,00 

-20. 00 

13.00 

-45.00 

14.00 

-27.00 

13.50 

-29.00 

19. 50 

-24. 00 

17.00 

-13.00 

10.00 

-51.00 

34.00 

Repair  Aotion 

- 1,00 

12.50 

-32. 00 

22.00 

#3 

-16.00 

21.00 

- 1.00 

21.00 

- 9.00 

20.50 

- 1.00 

15.50 

- 5.00 

14.00 

- 2.00 

12.00 

-34. 00 

22.00 

-20. 00 

22.00 

-34.00 

11.50 

Temp*(°F) 

Time  (Min.) 

Temp*(°F) 

Time  (Min. ) 

3.43** 

5. 13** 

-20. 00 

10.60 

-20.00 

8.00 

-lfl.00 

7.00 

-29. 00 

7.00 

-27. 00 

9.50 

-25. 00 

11.00 

-14. 00 

10.00 

-22. 00 

7.00 

-28. 00 

e.so 

Repair  Aotion 

-24. 00 

8.00 

-23. 00 

6.50 

#4 

-10. 00 

8.00 

-13.60 

9.00 

-18.00 

10.00 

- 9.00 

8.50 

- 6. 00 

11.00 

-47.  50 

18.00 

-34. 00 

9.50 

- 5.00 

8.00 

-21. 00 

7.50 

-38.  00 

9.00 

The  temperature  given  la  the  equivalent  wlndohlll  temperature. 
This  time  la  the  average  time  to  perform  the  task  Indoors. 


T<amp*(° 


f)  Ttme  (Min.) 


Temp* (°F)  Time  (Min.) 


Repair  Aotlon 

#5 


Repair  Aotlon 
#6 


7.50** 

14.00** 

-24. 00 

IS,  00 

-29.00 

27.00 

-29.00 

9.00 

s 

-26,00 

24.00 

-25, 00 

12.00 

-11.00 

19.00 

-11.00 

10.00 

-54.00 

26.00 

-54.00 

9.00 

Repair  Aotlon 

-27. 50 

37.00 

-27.  50 

27.00 

#7 

-14.00 

16.00 

-14.00 

7. 50 

-19.00 

23.00 

-10.00 

12.00 

- 4.00 

20.00 

- 4.00 

10.00 

-32.00 

35.00 

-32,00 

19.00 

Temp*(°F) 

Time  (Min. ) 

Temp*(°F) 

Time  (Min.) 

16.38** 

15.10** 

-20.00 

28.00 

-29.00 

24.00 

-26.00 

24.00 

-SB.  00 

22.00 

-11.00 

20.00 

Repair  Action 

-11. 00 

17.00 

-54. 00 

27.00 

#8 

-64.00 

24.00 

-27.60 

38,00 

-27.  50 

36.00 

-14.00 

18.00 

-14.00 

14.00 

-19.00 

26.00 

-19.00 

21.50 

- 4.00 

21.00 

- 4.00 

18.00 

-32.00 

38.00 

-32. 00 

30.00 

♦The  temperature  given  la  the  equivalent  wlndohill  temperature, 
♦♦This  time  la  the  average  time  tn  perform  the  taak  indoors. 
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E-l.  Fitted  Carres  far  the  Data  that  had  High  Correlation 
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APPENDIX  F - SAMPLE  DETAILED  PREDICTION 


A detailed  prediction  was  performed  on  an  existing  airborne  Radar  In  order  to 
demonstrate  the  use  of  the  detailed  prediction  methodology.  The  evaluated  rad'T  was 
selected  slnoe  it  had  a relatively  small  quantity  of  RIa  at  the  organisational  level 
(i.e.  flight  line)  and  had  a detailed  BIT  and  maintainability  analysis  provlously  per- 
formed. Therefore,  the  prediction  prooedure  could  be  easily  Illustrated  and  compared 
with  the  previous  prediction.  The  following  aeotlona  present  the  step  by  atep  proced- 
ure Involved  in  Implementing  the  detailed  prediction  methodology. 

Define  the  Prediction  Requlvemente  and  the  Maintenance  Concept 
The  prediction  ground  rules  for  this  example  weret 

e the  maintainability  parameter  to  be  predicted  la  MTTR 
e the  prediction  Is  for  flight-line  (organisational)  level  oovveott/e 
maintenance . 

e the  elemental  maintenance  activities  Included  in  ths  MTTR  aret 

- fault  isolation 

- disassembly 

- Interchange 

- reassembly 

- check  out 

e faults  will  be  Isolated  to  a single  Rl  or  RX  group  via  BIT/D1  agnostios 
and/or  operator  observation* 

e When  faults  are  isolated  to  a group  of  Bis,  Iterative  replacement  will 
be  performed  until  the  fault  is  oorreoted. 
e The  following  units  are  defined  as  Rlst 
-001  RF  Oscillator 

- Oil  Transmitter 

- 022  Receiver 

- 031  Antenna 

- 039  Analog  Processor 

- 041  Digital  Processor 

-081  Data  Processor 
“541  Radar  Set  Control 
~ 810  Power  Supply 
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Identify  the  Fault  Isolation  Outputs 

The  fault  Isolation  outputs  are  those  BIT/Dtagnostio/System  symptoms  which 
inform  the  teohniolan  what  repair  action  to  perform.  The  faulty  RI(s)  will  be  iso  - 
lated  either  by  a latched  BIT  indicator  or  by  observation  and  interpretation  of  the 
data  presented  in  the  bit  matrix  displayed  on  the  pilot's  console.  The  Bubjeot  radar, 
by  virtue  of  its  dlotuted  maintenance  concept,  imposes  a condition  of  primary  and 
secondary  FD  & I outputs.  For  eaoh  fault  whioh  is  detected  by  BIT,  there  la  a 
corresponding  output  on  the  BIT  Matrix.  Depending  on  the  speotfio  fault,  there  may 
also  be  a unit  BIT  indicator  latched  or  a Bystem  BIT  indicator  latohod.  The  mainte- 
nance concept  requires  that  if  a unit  BIT  indicator  is  latched,  that  unit  is  assumed 
faulty  and  replaced  without  regard  to  the  BIT  Matrix  output.  Then,  if  the  fault  te 
not  cleared,  the  BIT  Matrix  is  reviewed  and  further  repair  actions  are  taken. 

Table  F-l  Identifies  all  the  unique  fault  isolation  outputs  that  are  associated  with  the 
subjeot  radar.  The  designation  BMR-x  denotes  a unique  display  on  the  BIT  Matrix 
as  defined  In  the  radar  maintenance  manuals. 

FD  & 1 Output  and  RI  Correlation 

The  FD  & I Outputs  and  RI  correlation  analysis  are  presented  in  two  ways.  The 
first  presentation,  shown  in  figure  F-l,  is  a FD  & I Output  Tree  whioh  shows  1)  for 
each  output  whioh  test,  status  monitor,  or  other  FD  & I feature(s)  can  generate  that 
output,  and  2)  what  RI(a)  or  portlon(s)  thereof  are  fault  isolated  with  that  particular 
feature.  The  tree  was  derived  using  Information  from  a previously  performed  BIT 
analysis. 

The  second  method  of  presenting  the  correlation  Is  by  the  Maintenance  Correlation 

Matrix  shown  In  figure  F-2.  The  unique  fault  Isolation  outputs  (!)  are  listed  down 

the  side  of  the  matrix  and  the  RIs  (n)  are  listed  across  the  top.  The  Intersection  of 

th 

eaoh  row  and  column  provides  3 pieces  of  data!  (1)  The  failure  (\nj)  rate  of  the  n 

RI  isolated  by  the  fault  isolation  output,  (2)  the  order  (K  .)  In  which  the  nth  RI  Is 
th  nJ 

replaced  given  that  the  j fault  Isolation  output  oeours,  and  (3)  the  corrective  main- 

th  th 

tenanoe  time  (R^)  Riven  that  the  n RI  Is  failed  and  the  failure  is  isolated  by  the  j 

fault  isolation  output.  The  corrective  maintenance  time  is  derived  from  the  Mainte- 
nance Flow  Diagram  described  below. 
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Table  F-l.  FD&I  Outputs 


Prepare  Maintenance  Flow  Diagram 


The  Rftj  values  contained  In  the  FD  & I output  matrix  arc  extracted  from  tho 
maintenance  flow  diagram  (MFD)  shown  in  figure  F-3.  The  MFD  shows  the  mainte- 
nance repair  procedure  for  every  unique  "J"  FD&I  output.  The  times  for  each  ele- 
mental maintenance  activity  are  based  on  time  line  analyses  extracted  from  the  pre- 
viously prepared  maintainability  prediction.  Normally  these  times  would  be  synthe-  > 

sized  using  the  timeline  analysis  approaoh  of  section  5.1.7. 

The  time  for  each  elemental  maintenance  action  la  entered  in  the  appropriate 
activity  box  along  each  repair  path  and  the  total  time  (R^)  is  found  by  adding  all  the 
elemental  times  from  tho  starting  point  (i.e.  failure  ocours  and  is  deteoted)  to  the 
approprir'e  end  point  for  each  "nj"  set.  These  times  are  then  entered  in  the 
maintenance  correlation  matrix  (figure  F-2). 

Compute  the  Maintainability  Parameters 

Onoe  the  maintenance  flow  diagram  (MFD)  has  been  oompleted  and  the  values 
entered  in  the  maintenance  correlation  matrix,  the  RI  average  repair  times  (Rq) 
and  MTTB  can  easily  he  computed  byt 


J 


n=l 


The  predicted  MTTR  for  the  subject  radar  is  20.  78  minutes.  Table  F-2  lists 
the  associated  times  (Rn)  for  each  RI  that  make  up  the  MTTR.  As  shown  above,  the 
average  time  for  eaoh  RI  is  computed  by  determining  the  failure  rate  weighted 
average  of  the  repair  tlmeB  associated  with  eaoh  FD  & I output  (result)  for  that  RI. 


i 
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Table  F-2.  Predicted  RI  Repair  Times  and  System  MTTR 


n 

Rn 

Rn 

1 

79. 720 

12.88 

1026.95 

2 

226.957 

41. 10 

9327. 53 

3 

40. 779 

18.45 

752.21 

4 

233.571 

43.78 

10226.87 

S 

126. 982 

13.61 

1727. 71 

6 

663. 186 

11.28 

7479. 36 

7 

181.636 

11.60 

2106.65 

8 

9.961 

11.36 

113.11 

9 

27.476 

10.46 

287.51 

Figure  F-l  (Com).  Fault  Isolation  Output  and  RI  Correlation  Tree  (Sheet  2 of  17] 


Figure  F-l.  Fault  IioUtion  Output  and  RI 
Correlation  Tree  (Sheet  5 of  17) 
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Figure  F-l  (Cont).  Fault  [wlation  Output  and 
RI  Correlation  Tree  (Sheet  9 of  17} 
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f 5V9TBM  BIT  \ 

CONTINUED 

V INDICATOR  J 

CONTINUED 

FROM  SHEET  12 

' 

ON  SHEET  14 

039  I | on  030 

4.144  I *-1.0#«  I 33.7:  0 


* DUE  TO  THE  SEQUENCE  OF  BIT  TESTING  A FAILURE  OF  THE  02!  UNIT  RESULTING  IN  A FAILURE 
INDICATION  OF  THIS  BIT  SUBROUTINE  WOULD  HAVE  BEEN  PREVIOUSLY  DETECTED 


Figure  F-l  (Corn),  Fault  Isolation  Output  and  RI  Correlation  Tree  (Sheet  13  of  17) 
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Figure  F-l  (Coot).  Fault  Isolation  Output  and  RI  Correlation  Tree  (Sheet  17  of  17) 


(Cont).  Maintenance  CorrelatKm  Matrix  (Sheet  : 
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lendix  0 - SAMPLE  EARLY  PREDICTIONS 

This  appendix  contains  two  sample  predictions  performed  using  the  early 
prediction  methodology  presented  in  section  5.2.  Two  samples  are  given  to  show  the 
two  different  methods  that  oan  be  used  when  applying  the  early  prediction  technique. 
The  first  sample  is  a maintainability  prediction  on  a communications  terminal  using 
the  prediction  equations  at  the  system  level.  This  sample  prediction  is  based  on  the 
fault  isolation  requirements  that  were  speoifled  by  the  buyer,  therefore  analysis  of 
the  fault  isolation  capabilities  was  not  necessary. 

The  seoond  sample  was  a maintainability  prediction  on  a data  processing  and 
display  subsystem,  using  the  prediction  equations  at  a lower  level.  This  sample 
demonstrates  how  estimates  of  the  fault  Isolation  resolution  oan  be  determined  and 
used  in  the  prediction  equations. 

Both  prediotlon  methods  provide  an  MTTR  estimate.  The  MTTR  obtained  in  the  • 
first  sample  is  the  mean  repair  time  expeoted  if  the  speoifled  fault  isolation  require- 
ments are  met.  The  MTTR  obtained  in  the  seoond  sample  prediction  le  the  predicted 
repair  time  of  the  system  based  on  the  capabilities  of  the  fault  isolation  procedures. 
The  method  used  for  the  second  sample  prediction  is  preferred  since  it  predicts  the 
mean  repair  time  based  on  the  actual  system  characteristics.  The  first  method 
should  be  used  when  design  data  is  not  sufficiently  developed  to  assess  the  actual 
fault  isolation  characteristics  or  for  assessing  if  the  speoifled  requirements  ave 
consistent  and  feasible. 
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SAMPLE  G- 1 - .EARLY  MTTR  PREDICTION  OK  A COMMUNICATIONS  TERMINAL 
— UTILIyINQ  THE  specified  FAULT  ISOLATION  REQUIREMENTS 

In  order  to  demonstrate  the  early  prediction  technique  the  procedure  was 
implemented  for  an  existing  communications  terminal.  The  following  sections  con- 
tain the  step  by  step  procedure  Involved  in  performing  the  preliminary  prediction. 
Definition  of  the  Prediction  Requirements 

The  communications  terminal  MTTR  was  predicted  for  flight-line  (organisational) 
level  maintenance.  The  elemental  maintenance  tasks  Included  In  the  MTTR  require- 
ment weres 

e fault  isolation 
e disassembly 
e interchange 
t reassembly 
e alignment 
e checkout 

Therefore,  the  preparation,  spare  retrieval,  and  start-up  time  are  not  a part  of 
this  prediction. 

Definition  of  the  Maintenance  Concept 

The  definition  of  the  maintenance  concept  determines  whioh  models  will  be  used. 
For  the  communications  terminal  the  following  concepts  hold  true  at  the  organizational 
leveli 

1.  'The  following  units  are  removed  and  replaced  as  Hla  on  the  flight-line: 

• Transmitter/ Reoeiver/Prooessor  (TPU) 

e High  Power  Amplifier  Power  Supply  (HPAP3) 
e Low  Power  Amplifier  and  Power  Supply  (LPA/PS) 
e Unformatted  Message  Element  (UME) 

e Antenna  Interface  Unit  (AIU) 

e Secure  Data  Unit  (SDU) 

2.  The  following  units  have  RIs  within  them  removed  and  replaced  on  the 
flight-line.1 

e Control  Display  Panel  (CDP) 

• High  Power  Amplifier  (HPA) 

3.  For  failures  of  the  CDP  and  HPA  enclosure  parts,  the  entire  unit  Is  replaced. 

4.  For  ambiguous  fault  isolation  (i.  e.  fault  isolation  to  a group  of  RIs),  iterative 
replacement  Is  performed  until  the  fault  le  corrected. 

5.  Reassembly  is  required  after  each  replacement  prior  to  check-out. 
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Determination  of  the  Prediction  Parameters 

In  order  to  perform  an  early  prediction  on  the  communications  terminal  the 
following  data  was  necessary; 

• preliminary  definition  of  the  primary  replaceable  items  (His) 

e tho  estimated  failure  rate  of  each  RI 

e the  packaging  (i.e. , access  and  interchange)  of  each  HI 

• the  baaio  fault  isolation  approach  for  each  HI 

The  data  necessary  to  perform  the  prediction  was  collected  on  forms  similar  to 
the  ones  shown  in  figures  66  and  67  of  section  6.2.3. 

First,  all  ths  unique  tasks  associated  with  each  elemental  maintenance  activity 
were  listed  on  form  B (Table  0-1),  Then  times  were  synthesised  for  eaoh  unique 
task.  An  example  of  how  times  were  synthesised  is  shown  in  figure  G-l. 

Next,  all  the  primary  His  were  listed  in  the  left  most  column  of  form  A 
(Table  0-2).  Within  eaoh  elemental  activity  type  (e.g, , fault  isolation,  disassembly) 
the  type(s)  of  that  activity  associated  with  each  HI  was  identified.  The  RI  failure  rate 
associated  with  eaoh  elemental  activity  type  was  then  entered  In  Form  A.  For 
example,  the  TPU  faults  were  Isolated  entirely  by  off-line  diagnostics,  so  the  entire 
failure  rate  of  the  TPU  is  entered  under  fault  Isolation  type  1.  Note,  the  total  failure 
rate  of  eaoh  HI  must  be  accounted  for  within  oaoh  elemental  maintenance  activity  (e.  g. , 
fault  isolation,  disassembly,  etc,). 

Thu  columns  corresponding  to  euoh  unique  task  were  then  summed  up  to  deter- 
mine the  total  failure  rate  associated  with  eaoh  tusk.  Table  Cl-2  shows  the  completed 
form  A for  the  communications  terminal. 

Next,  the  failure  rates  associated  with  each  tftBk  (\my)  wore  entered  in  form  1J. 
The  completed  form  D for  the  communications  terminal  is  shown  In  Table  G-l, 
Selection  of  the  Prediction  Models 

From  the  definition  of  tho  prediction  requirements  (step  1)  the  general  form  of 
tho  model  for  the  MTTRis: 


W*c 
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TABLE  G-l.  RI  DATA  ANALYSIS  SHEET  B 


— 

MTTR 
Element  (m) 

Type 

(v) 

Description 

T 

mv 

mv 

Preparation 

1 

Not  Applicable 

- 

- 

Fault  Isolation 

1 

Off-line  DiugnostioB  Direct  Readout 

2 

1750 

2 

LED  Indicators 

2 

278 

3 

Operator  Interpretation 

10 

193 

4 

Off-line  Diagnostics  & Operator 

Interpretation 

4 

405 

5 

Off-line  Diagnostics  & LED  examination 

3 

34 

6 

CDP  Self  Test 

5 

280 

Spare  Retrieval 

1 

Not  Applicable 

- 

- 

Disassembly/ 

Reassembly 

1 

Open  CDP  front  panel,  remove  retaining  bar, 
reverse  prooess 

8 

82 

2 

Remove  & Replace  HPA  top  cover 

5 

278 

3 

No  diaassy /reassy  required 

- 

25B4 

Interchange 

1 

R/R  TPU 

8.9 

1006 

2 

R/R  LPA/PS 

5.2 

106 

a 

R/R  II  ME 

6.2 

258 

4 

R/R  SDU 

8.0 

91 

5 

R/R  AID 

10.  B 

21 

8 

R/RHPAPS 

3.1 

43 

7 

R/R  HPA  Modules 

13.0 

278 

8 

R/R  HPA  enclosure 

8.5 

117 

9 

R/R  CDP  cards 

0.9 

68 

10 

R/R  LED  Assy 

3.3 

259 

11 

R/R  CDP  PS 

4.9 

9 

12 

R/RSw.  Panel 

33.0 

3 

13 

R/R  Ind.  8w. 

8.1 

16 

14 

R/R  Rotary  Sw. 

10. B 

2 

IS 

R/R  CDP  Enclosure 

80. 0 

67 

Alignment 

1 

None  Required 

Cheokout 

1 

Run  Diagnostic 

;»■ 

133H 

2 

Load  Program  Run  Diagnostic 

V 

1600 

SOO 


„ w /rEMOVE  CAPTIVE  FASTENERS 

19  # 0.19 

2.70 

DISASSEMBLY  JopeNcoppANgl_  ■ 

1 * 0.10 

0.10 

l | 

| 2.90  1 

(remove  p/s  wirinq  from  screw  terminals. 

4 6>  0.23 

0.92 

REMOVE  P/S  DOLTS 

0 « 0.21 

1.26 

INTERCHANGE  REMOVE/REPLACE  P/S  MODULE 

1 « 0.29 

0.26 

REPLACE  P/S  BOLTS 

6 9 0.44 

2.6d 

REPLACE  P/S  WIRING  1 

4 9 0.49 

1.90 

BSD 

/close  GDP  PANEL 

) 4 0.10 

0.10 

REASSEMBLY  tBEPtACE  CAPTIVE  FASTENERS 

19  9 0.20 

9.60 

V 

BSD 

Tpc  FOR  A FAILED  CDP  P/S  IS  1J.3S  MIN. 

Figure  G-l.  Example  of  How  a Time  ii  Synthesized 
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TABLE  G-2.  DATA  ANALYSIS  SHEET  A - COMMUNICATIONS  TE 


For  tho  communications  terminal,  alignment  times  were  allowed  but  no 
alignments  were  necessary,  therefore  the  model  reduces  to: 

mttr  - Tfi  I Tfc  +Tc 

The  models  selected  for  the  above  elemental  t&Bks  were  extracted  from  the  fifth 
row  in  Table  52  pertaining  to  isolation  to  a group  of  RIs,  Iterative  replacement, 
multiple  acoess,  and  reassembly  required  for  checkout.  The  models  are: 

Fault  isolation  time: 

FI 

I>VT  n 

Cheok-out  time: 


E W 


T0  ■ r 


(reassembly  is  required  for  oheok-out) 


Fault  Correction  time: 

tfc  “ WVTr> 

v. 


'M 

c 

V»1 


E s'. 


m 


T 


The  maintenance  oonoept  calls  for  iterative 
replacement,  and  reassembly  Is  required 
for  checkout. 


m = D,  1, 11 
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Sj  was  determined  by  oomputlng  the  average  number  of  Iterations  required  to 
correct  a fault  from  the  specified  requirements: 

90%  to  1 HI 
95%  to  < 3 His 
100%  to  < 4 RIs 
Therefore! 

90  + (95  - 90)  ) + (100  - 95)  (4) 

Si  „ ioo 

Sj  - 1,225  iterations  required  per  repair  aotion 
Computation  of  the  MTTR 

Once  the  models  were  selected,  the  MTTR  was  computed  using  the  models  and 
the  data  tabulated  In  form  B,  The  resulting  times  for  each  elemental  task  are: 

■ 3. 10  minutes 

Tjrc,  =■  Sj  9.  79  = 11.99  minutes 

Tco  “ Sj  4.  73  * 5.  79  minutes 

*MTTU  = 3.  10  + 11. 99  + 5.  79  = 20.  88  minutes 


♦The  predicted  MTTR  is  based  on  the  assumption  thut  the  specified  fault  Isolation 
requirements  have  been  mot. 


SAMPLE  G-2 


EARLY  PREDICTION  OF  A DATA  PROCESSPIG  AND  DISPLAY 
ESTIMATED 


A aocond  sample  prediction  using  the  early  prediction  methodology  was  performed  to 
illustrate  its  application  when  fault  isolation  resolution  is  estimated  at  a level  below  the 
system.  The  sample  shows  the  prediction  procedure  when  the  following  data  is  available. 
• Description  of  equipment^)  to  be  predicted  including  a preliminary  definition 
of  the  replaceable  items 
e Estimated  failure  rate  of  e&oh  RI 

e Packaging  (l.e,  access  and  Interchange)  conoept  for  eaoh  RI 
e Alignment  requirements  for  each  RI 
e Basic  fault  isolation  approach  for  each  RI  or  by  RI  groups 
Definition  of  the  Requirement 

This  sample  provides  a prediction  of  MTTR  for  the  organizational  level  corrective 
maintenance  of  the  Data  Processing  and  Display  (DP&P)  Subsystem  Bhown  in  figure  G-2. 
The  prediction  covers  all  failures  of  the  subject,  subsystem  which  are  designated  as 
repairable  by  organizational  maintenance  level  personnel. 

Definition  of  Maintenance  Conoept 

The  DP&Dis  maintained  by  a combination  of  resident  (l.e.,  organizational  level) 
maintenance  personnel  and  contact  team  (l.e.,  Intermediate  level)  personnel.  Repairs 
are  accomplished  by  fault  Isolation  to  one  or  more  Rls  and  replacement  of  the  suspect 
RIs  iteratively  (with  cheokout  after  each  iteration)  until  the  faulty  RI  Is  located.  K 
definition  of  RIs,  their  respective  failure  rate  estimates,  and  designation  of  the 
authorized  RI  maintenance  level  is  shown  in  Table  G-3, 

Determine  the  Prediction  Parameters 

The  next  step  In  predicting  the  MTTR  for  DP&D  subsystem  is  collating  the  data 

necessary  to  perform  the  prediction.  First  each  unique  method  (vt5))  for  performing 
th 

each  (nv“)  elemental  maintenance  activity  is  tabulated.  For  example  the  alignment 
activity  can  be  broken  down  to  RIs  that  do  not  require  alignment  and  the  RIs  in  the 
display  oonsole  that  require  some  alignment  or  calibration. 

All  the  unique  tasks  involved  In  maintaining  the  DF&D  subsystem  are  tabulated 
in  Table  G-4. 
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Figure  C-2.  Data  Processing  and  Display 
(DP&D)  Subsystem  Block  Diagram 


TABLE  0-3.  DEFINITION  OF  RIs 


HI  Description 

Qty 

of 

RIs 

Total 

Failure 

Rate 

Computer 

AU/PCU  CCAs 

21 

285 

Memory  CCAs 

16 

90 

Buffered  I/O  CCAs 

9 

45 

Console  I/O  CCAs 

3 

16 

P/S 

4 

257 

FIU 

4 

20 

Panel/Cabinet  Piece  parts 

“ 

5 

I/O  Terminal 

1 

1400 

Controller 

P/S 

2 

50 

Processor  CCAs 

12 

428 

Disc  Interface  CCAs 

2 

25 

Display  Buffer  CCAs 

5 

16 

Display  Driver  CCAs 

1 

6 

CCIU  CCAs 

8 

5 

Panel/Cabinet  Piece  parts 

- 

5 

Disc  Unit 

1 

600 

Display  Console 

I/O  CCAs 

2 

53 

Display  Electronics  CCAs 

9 

1524 

P/S 

6 

124 

Panel/Cabinet  Pieoe  parts 

“ 

10 

* O - Organizational  level  maintenance 
I - Intermediate  level  maintenance 


Level  of  Repair* 


I 
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TABLE  0-4.  RI  DATA  ANALYSIS  SHEET  B 


MTTR  Element  (m) 


Preparation 


Fault  Isolation 


Spare  Retrieval 

Disassembly/ 

Reassembly 


Interchange 


Alignment 


Checkout 


Start-up 


Description  of  the  Method 


1 No  preparation  time,  fault  isolation  capa- 
bilities self  contained,  Technicians  and  nec- 
essary support  equipment  (e.g.,  tools, 
manuals)  In  immediate  vicinity.  No  equip- 
ment warmup  or  stabilization  time  required. 

1 System  Diagnostic 

2 Computer  FI  Unit 

3 Computer  Maintenance  Panel 

4 System  Diagnostic  & Controller  Diagnostic 
6 Controller  P/S  Indicators 

6 Display  Patterns 

7 Display  P/S  Indicators 

1 No  spare  retrieval  time,  spares  are 
oo-looated  with  equipment 

1 No  Diaassembly/Reassembly 

2 Computer  Card  Rack 

3 Computer  P/S  Drawer 

4 Controller  Card  Rack 

6 Controller  P/S  Drawer 

6 Display  Card  Drawer 

7 Display  LV  P/S 

8 Display  HV  P/S 

1 Computer  CCAS 

2 Computer  P/S 

3 1/0  Terminal 

4 Controller  CCA8 

B Controller  P/S 

6 Disc  Unit 

7 Display  CCAS 

8 Display  LV  P/S 

9 Display  HV  P/S 

1 No  Alignment 

2 Display  Symbols 

1 System  Diagnostic 

2 Display  Patterns 

1 No  start-up  time 


Times  associated  with  each  unique  maintenance  activity  are  synthesized  uBing 
the  maintenance  time  standards  of  section  3.0,  or  engineering  Judgement.  These 
times  are  also  tabulated  in  Table  0-4, 

The  next  task  is  to  correlate  each  activity  type  with  the  associated  RIs,  For 
every  R1  that  is  associated  with  a unique  activity  an  appropriate  failure  rate  is 
denoted  in  Table  G-5, 

Selection  of  the  Prediction  Models 

Onoe  the  data  was  oolleoted  the  appropriate  prediction  submodels  were  selected, 
according  to  the  maintenance  philosophy.  Using  Table  52  and  identifying  the 
appropriate  maintenance  philosophies,  the  following  submodels  were  selected: 


Fault  Isolation 


V»1 


Disassembly/ 

Reassembly 


+ tr  = td/r 


VD/R 

E Xd/mvthv) 

v=l ’ _ 


E Xd/rv 

v-l 
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TABLE  G-5.  HI  DATA  ANALYSIS  SHEET  A 


I sills  | 

u ^ 


TABLE  G-5.  BI  DATA  ANALYSIS  SHEET  A 


4969  j 100  436  257  1400  525 


ler 


r CCAa 


Totals 


TABLE  G-5.  RI  BATA  ANALYSIS  SHEET  A 


3 

if) 

1400 

8pS*8 

009 

• s 

gssag 

1400 

so 

428 

25 

16 

6 

SO 

600 

s|3 

^ 10  Oi  rt  ^ 

H 

N N|  N U»  H 00 

H 

NOW 

rl  H M N 

CO 

U*  t>  <0  QO  0»  "tp 

<0 

01  O H 
^■4  H 

I 45§8 

a 8§§§ 


uus  s 


Jif 

ssl! 


||||g  j | i 

slsili  1 1 if* 


Interchange 


V SI 


2 \ Tiv 


V=1 


VDIR 

2 \ 


v-l 


Alignment 


v*l 


Checkout 


v-l 


Computation  of  ? 

The  specified  maintenance  concept  requires  that  a value  for  Sj  (the  average  num- 
ber of  iterations  of  RI  replacement  required  to  oorreot  a fault)  be  computed  before  the 
values  of  tq  and  can  be  determined.  Sj  is  established  by  dividing  the  sub- 
system into  "Q"  grouping  of  Rla  for  which  values  of  can  be  established.  The  RI 
groupings  as  shown  in  figure  G-3  were  established  according  to  the  following  criteria! 

e The  RI  sets  are  determined  at  the  lowest  level  at  which  a fault  Isolation  resolution 
can  be  estimated. 

e The  RI  sets  are  independent  of  each  other. 

e The  RI  sets  include  only  those  RIe  specified  for  inclusion  in  the  prediction. 
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Figure  G-3.  Mapping  of  DPSfD  Subiyitem  into  G RI  Set* 


The  Rl  seta  which  were  established  are  listed  in  Table  G-6  along  with  the  fault 
isolation  resolution  for  each  set.  for  eaoh  set  1b  computed  from: 

/N  +1\  / N.  + Ng+ 1\  /N„+N,+  l\ 

» . (»»-  *ii  (-Wh»°  - xj)  ( -Vs-) 


where  the  fault  isolation  resolution  is  expressed  In  termB  of  the  number  of  interchanges 
necessary  to  accomplish  repair,  as: 


1.57 


I 


> 


I 


I 


I 

] 

I I 


I 

I I 


Xj%  to  N1  RIs 
X2%  to  N2  RIfl  or  lean 
100%  to  Ng  RIs  or  leaa 
The  overall  resolution  (Sj)  la  computed  as: 


7802,81 

4969 


1.67 


Computation  of  MTTR 

There  are  two  approaches  In  computing  MTTR  for  thin  example.  A prediction  of 
MTTRg  for  each  of  the  RI  groups  can  be  accomplished  first,  with  a secondary  predic- 
tion of  the  subsystem  MTTR,  or  the  subsystem  MTTR  oan  be  computed  directly.  For 
this  example  both  approaches  are  showni 


Approaoh  Number  1 

This  approaoh  first  computes  the  average  repair  time  for  eaoh  RI  set  (g),  then 
computes  the  overall  repair  time  by  taking  a failure  rate  weighted  average  of  the  RI 
seta. 

An  additional  column  (g)  was  inserted  Into  Table  C-5  to  denote  which  RIb 
belonged  to  each  RI  set,  Normally  eaoh  RI  set  would  be  tabulated  on  separate 
Form  A's,  but  due  to  the  slmpliolty  of  the  data  available  all  the  RIs  were  tabulated 
on  one  form. 

Using  the  submodels  that  were  selected,  the  average  times  for  eaoh  elemental 
activity  were  computed  for  eaoh  RI  set  (g)  and  tabulated  In  Table  0-7. 

The  MTTRg  for  each  RI  set  was  computed  from 


MTTR 


K 


lTjVs% 


T 


D/H, 


+ T,  + T , 
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TABLE  G-7.  COMPUTED  AVERAGES  FOR  EACH  ELEMENTAL  ACTIVITY  AND  EACH  RI  SET 


D/R 


The  overall  subsystem  MTTR  is  then  oomputed  by  taking  a failure  rate  weighted 
average  of  the  average  repair  times  of  each  RI  set. 


L xsMTTRg 

MTTR  ■ » 17,23  minutes 

G 

gerl 

The  repair  times  of  each  equipment  can  be  oomputed  by  taking  a failure  rate 
weighted  average  of  the  Rl  sets  associated  with  each  equipment. 


MTTRg 


= JEL 


E 


MTTR 


E 


X.,  = failure  of  the  gth  Rl  set  associated  with  the  E equipment 

Eg 

Approach  Number  2 

The  second  approach  computes  the  average  repair  time  at  the  Bystem  level  Instead 
of  the  RI  set  (g)  level  as  was  done  by  approach  one.  This  approaoh  requires  fewer 
steps  and  can  save  time  if  lower  level  predictions  are  not  required.  First,  the  failure 
rate  associated  with  each  yth  type  of  eaoh  mth  elemental  maintenance  aotlvicy  is  sum- 
med to  determine  \I(I  . This  summation  1l  .hown  at  the  bottom  of  Table  G-5  for  eaoh 
v . The  average  repair  time  for  each  elemental  aotivity  is  then  oomputed  using  the  sub- 
models seleoted. 

Sj.  (for  the  entire  subsystem)  is  required  for  this  approaoh.  The  computation  of 
Sj  is  the  same  as  for  approach  one.  The  oomputed  value  of  Sj  is  1. 57, 
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Fault.  Isolation 


Disassembly/ 

Reassembly 


Interchange 


'FI 

T.  XFI_.  TFI. 
V=1 


V V 


T 

" VF1 


E 

v-  1 


FI 


— 22824  _ 4 59  minutes 

£FI  4969 


VR 


S XD/RvTD/R 


D/R 


V>al 


'd/r 


lD/R. 


V“1 


td/r  " SITD/R 


td/r  - 1 


57  (1034. 61\ 
• 57  v 4969  / 


o 0.01  minutes 


Z V- 


T1  V, 


v=l 


T'l  " \ *, 

T.  - 1 57  (31902.11') 
AI  - 1.07  y 496g  ) 

Tj  ° 10. 08  minutes 
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Alignment 


TA  " S - 0.10  minutes 


Checkout 


14510 

T5W 


2.92  minutes 


The  subsystem  MTTR  Is  determined  by  taking  the  sum  of  the  average  elemental 
times. 


M 

MTTR  ^ ^ Tm 
m=l 

" TFI+Tb/B+T | + VTC 

<=  4.59  + 0.83  + 10.08  + 0.10  + 2.92 
= 18,3  minutes 
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Comparison  of  tha  Two  Approaches 

Although  the  predicted  repair  times  using  the  two  approaches  were  very  cloBe, 
approach  one  Is  more  accurate.  Approach  one  also  has  the  advantage  that  repair 
times  of  lower  levels  are  also  available.  This  nan  be  very  useful  in  performing 
allocations  and  Identifying  maintainability  problem  areaa. 

The  second  approach  is  good  when  computing  a quick  estimate  of  the  MTTR.  For 
example,  If  were  a specified  value,  then  a quick  prediction  can  be  made  using  the 
second  approach  to  Bee  If  the  specified  values  are  practical, 
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LIST  OF  ACRONYMS  AND  SYMBOLS 

"K  - average  number  of  unique  accesses  required  per  fault  isolation 

Ag  - quantity  of  unique  accesses  in  the  Rl  set 

BIT  - Built  in  Test 

BITE  - Built  In  Test  Equipment 

* CCA  - Circuit  Card  Assembly 

DV  dependent  variable 

FDIT  - fault  deteotlon/laolatlon/teat 

FD&I  - fault  detection  and  isolation 

FI  - fault  Isolation 

■ • O - quantity  of  RI  sets 

j IV  - Independent  variable 

J - quantity  of  FI  results 

lit  iL 

Knj  - die  replacement  order  of  the  n RI  given  the  j FI  result 

1 LRU  - Line  Replaceable  Unit 

! I M quantity  of  elemental  tasks  required  that  make  up  MTTR 

i I MFD  - maintenance  flow  diagram 

| | Mmax(*)  - maximum  corrective  maintenance  time  for  the  4^  peroentlle 

i M - quantity  of  elemental  tasks  required  to  perform  corrective 

«*J  iL 

I maintenance  for  the  n RI  given  the  J FI  result 

! I 

; [ MTTR  - mean  time  to  repair 

| N - quantity  of  RIs 

Ng  - quantity  of  RIs  in  the  g^1  RI  set 

' N - quantity  of  RIs  In  the  g**1  RI  set  with  the  8th  aooeas 

. | Ba  *h 

I Nj  - quantity  of  RIs  whose  failures  produce  the  J FI  result 

i PCB  printed  oircult  board 

P - probability  that  an  RI  from  assembly  "a"  of  the  g RI  set  will  be 

contained  in  a FI  result 

I px  - the  probability  that  any  RI  with  the  8th  type  access  will  be  oontalned  in 

th 

1 . the  FI  group  of  the  g RI  set  given  that  it  is  not  in  the  first  x-1  call- 

I outs  of  the  FI  group 

a. 

I Q - the  probability  that  none  of  the  RIs  called  out  In  a FI  group  of  the  g 

th 

HI  Bet  have  an  a type  acoeas  (equal  to  1 - PI 

I Ba 


LIST  OF  ACRONYMS  AND  SYMBOLS  (Continued) 


* ga 
R 

RI 

Rn 

\ 

R/R 

SQ 

I 


m 

rmn 

CmnJ 


m 


correlation  coefficient 

replaceable  item 

average  repair  time  of  the  n**1  RI 

a.  it 

repair  time  of  the  nw  RI  given  the  J FI  reeult 

remove  and  replaoe 

average  quantity  of  Rla  In  a FI  callout 

average  quantity  of  Rla  In  the  FI  callouta  over  all  the  FI  groupa  of  the 
gth  RI  aet 

average  quantity  of  Rla  replaood  to  oorreot  a fault 

average  time  to  perform  the  elemental  maintenance  tank 

time  to  perform  the  »*  elemental  tank  for  the  n**1  RI 

time  to  perform  the  m^1  elemental  taak  for  the  RI  given  the  1th  FI 

reault 

time  required  to  perform  the  m^  elemental  tank  ualng  the  Vth  method 

the  quantity  of  unique  typee  of  waya  to  perform  each  elemental 

maintenance  aotlvlty 
th 

failure  rate  of  the  g RI  aet 

failure  rate  of  the  Rla  aaeoclated  with  the  v^  method  of  performing 
the  elemental  maintenance  taak 
failure  rate  of  the  n^1  RI 

failure  rate  of  the  n^1  RI  fault  laolated  with  the  FD&I  output 
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MISSION 

of 

Rome  Air  Development  Center 


IUHC  plum  and  «n*sti  nuudi.  arplaratary  end  admanmad 
dmJefMnt  progremm  in  on—Mrf,  oontnl.  awnniwtioi 
fC^;  natlYitimm,  and  in  tha  C3  inu  of  infevrottiar,  twite noma 
»nd  latmWgmcte.  tote  principal  taobnioml  miaaien  amaa 
•to  cnMnloaticw,  oltrtxo— fwiitlc  (iiitam  tad  emtnJ, 
•lunUUtaM  of  ground  aad  wnMfto*  objacta,  total  11  feme* 
data  ooilaotion  and  handling,  information  ayatan  taobonlmgg, 
ionoaptmric  propagation,  aolid  attetm  mmitenoan , aiemm 
phybitete  and  electronic  rail  ability,  maintainability  and 
compatibility. 


